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PBEFACE.

ONE object of the present volume the appearance of

which has been long delayed by circumstances over

which I had no control is to consider the objections

which have been urged from time to time against

the Physical Theory of Secular Changes of Climate

advanced in my work Climate and Time, and in

previous papers on the subject. Most probably I would

not have replied to my critics had it not been that the

examination of their objections afforded an excellent

opportunity for discussing more fully some compara-

tively obscure and difficult points in Geological

Climatology. Such discussion is the main and primary

object I have in view in the present volume.

A chapter or two have been devoted to a fuller con-

sideration of the physical conditions of Continental

Ice than is to be found in Climate and Time. I have

also treated at greater length the question of the cause

of Mild Polar Climates, and likewise the growing

mass of evidence which we have in support of Arctic

Intergkcial Periods.



vi KFACE.

In one of the chapters towards the end of tho

voluiiD', tin- n a 1, r will tin-1 rvilt-ncv fn>m the

testimony of geology that the age of the sun's heat

must be far greater than it could possibly have been

had the heat been derived, as is generally supposed,

from the condensation of the sun's mass.

I may mention that although the greater part of

tin* work has already appeared in separate ai ;

in the Ph'dowph ical Magazine and some other journals,

the volume, nevertheless, is not a collection of detached

papers; for nearly the whole of the articles were

written in connected order with the view of appearing

in tln-ir present form.

There are many of the topics discussed which I

could have wished to consider more at length, I nit

advancing years and declining health constrain me

to husband my remaining energies for work in a

wholly different field of inquiry work which has

r lost for me its fascination. 1 ut which has been

laid aside for upwards of a quarter of a century.

EDI.XBUBCH, October, 1886.
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CHAPTER I.

THE FAILURE OF ATTEMPTS TO ACCOUNT FOR SECULAR

CHANGES OF CLIMATE.

Most important Problem in Terrestrial Physics. Early Attempts to

explain Geological Climate. Lyell's Theory. Theory of Change
in Obliquity of Ecliptic. Theory of Change in Axisof Rotation.

Tendency in Geology to Cataclysmic Theories. The True Theory
not Cataclysmic. An Important Difference.

THE most important problem in terrestrial physics, in

so far as regards geological and palseontological science,

and the one which will ultimately prove the most far-

reaching in its consequences, is, What are the physical
causes which led to the Glacial Epoch and to all those

great secular changes of climate which are known to

have taken place during geological ages ? How are we
to account for the cold and Arctic condition of things
which prevailed in temperate regions during what is

called the Glacial Epoch, or for the warm and temperate
climate enjoyed by the Arctic regions, probably up to

the Pole, during part of the Miocene and other periods?
Theories of the cause of those changes, of the most

diverse and opposite character, have been keenly advo-

cated, and one important result of the discussions which

have recently taken place is the narrowing of the field

of inquiry and the bringing of the question within

proper limits.

The warm character of the climate of former ages
was at one time generally referred by geologists to the

influence of the earth's internal heat. Put it was soon
2
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proved by Mr. Hopkins, Sir William Thomson, and

ry was utterly untenable.

W. Thomson, for example, showed that the g
character of the climate of our globe could not have

been sensibly affected l.y internal heat at any time

beyond 10,000 yean after the commencement of the

solidification of the surface.

About twenty years ago an in-. ;ication of

the theory of internal heat was propounded by Pro-

fessor Frankland.* He assumed that the changes of

climate experienced by our earth during past epochs is

to be referred to a ditl ; f internal

heat on the sea and on land. He concluded that the

cooling of the floor of the ocean would proceed less

rapidly than it would have don-

exposed to the air, an it would continue

ut a comparatively hi.u'h t IN ln'_r after the

surface of the dry land had reached it

temperature. And, as t.d fnmi the

bottom to the surface of the oc< nduction,

hut hy convection, Jr., ly t .turn of

in contact with the bottom rising to the sin IV. < the

temperature of the ocean would consequently be

higher than the mean temperature of the M
face. He concluded state of things satisfactorily

accounts for the Glacial Epoch. The 1 iture

ocean would give rise toau^i :no-].heric

pr^ -ij litation, and this would produce such an accumu-

lation of snow during winter a- would d<-fy the heat of

summer to in

Tl.i t
1

"!} never seemed toga nice amongst

geologists, for it is well known that the sea <>:

Glacial Epoch was intensely cold not warm

sophiual Magazine," M*y, 1864.
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Others, again, tried to explain the great changes of

climate by supposing, with M. Poisson, that the earth

during its past geological history may have passed

through hotter and colder parts of space. This theory,

however, was found to be so much opposed to known

physical principles that it soon had to be abandoned.

It has also been suggested that the changes of

climate during geological ages might have resulted

from alternations in the composition of the atmosphere,

particularly in variations in the amount of carbonic

acid gas possessed by the air.

A theory was advanced many years ago by Professor

H. Le Coq that the changes of climate may have been

due to changes in the amount of the sun's heat. But

this theory, like the above, appears to have gained but

little acceptance.

According to others, elevation of the land in the

regions glaciated is assigned as the cause of that

glaciation, and if the ice had been merely local, such

an explanation might have sufficed. But we know
the whole Northern Hemisphere, down to tolerably
low latitudes, has been subjected in post-tertiary times

to the rigour of an Arctic climate
;
so that, according

to this theory, we must assume an upheaval of the

entire hemisphere an assumption too monstrous to

be admitted, and as useless as absurd.

At one time Lyell's theory of the relative distribu-

tion of land and water was generally regarded by
geologists as sufficient. It is, however, now generally
admitted to be wholly insufficient to explain the now-
known facts, and the conviction is becoming almost

universal that we must refer the climatic changes in

question to some cosmical cause.

The theory of a change in the obliquity of the

ecliptic has been appealed to. This theory for a time
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met with rable reception 1 , '_:ht huv.-

been expect. >1, it was soon abandon. .-searches

of Mr. Stock w. -11 < : .-a, and of Professor George
Darwin and others in this country, have put it b*

doubt that no probable amount of geographical revolu-

tion coul-1 rvrr h.-i\ altered the obliquity to any
sensible extent beyond its m<>\v limit I:

has been demonstrated, for < by Professor

George Darwin, that supi whole equatorial

regions up to lat 45 N. and 8. were aea, and tho

water to the depth of 2000 feet were
]

:i the

Polar regions in the form of ici

favourable redistribution <:

_,'
a change of obliquity it would not shift the

Arctic circle by so much as

Variations in the obliquity of the eclipt;

been given up as hopeless, geologists and :

are now inquiring whether the tn may not

be found in a change in tin- position of thr t-arth's

axis of rotation. 1 !y thi> |u- been

i up l.y

\vhoiu an- Sir \Vm. 'rhmnson,* Professor

Professor Geo; win.* the Rev. ,1. 1'.

and )1 the result arrival at ought to o.nvinc.-

t how hopch i expect aid in this

Professor George Darwin h.i it in

order to displace the pole n :-<MM it> present

position, ,'y of th- nee of the globe would

require to bo elevated to a >f 10,000 f.-.-t. \\itli

a corresponding nuhsidence in another

IJritbh AasocUUon R.
|

I |>.vrt 2), p. 1 1 .

t
"
Prooeedings of Royal

-

rnuwactioM of Royal t 1).

f
"
Quart, Journ. Geol. Soc.," February, 1878.
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There probably never was an upheaval of such mag-
nitude in the history of our earth. And to produce
a deflection of 3 17' (a deflection which would hardly

sensibly affect climate) no less than TV of the entire

surface would require to be elevated to that height.
A continent ten times the size of Europe elevated two

miles would do little more than bring London to the

latitude of Edinburgh, or Edinburgh to the latitude

of London. He must be a sanguine geologist indeed

who can expect to account for the glaciation of this

country, or for the former absence of ice around the

poles, by this means. We know perfectly well that

since the Glacial Epoch there have been no changes
in the physical geography of the earth sufficient to

deflect the Pole half-a-dozen miles, far less half-a-dozen

degrees. It does not help the matter much to assume

a distortion of the whole solid mass of the globe.

This, it is true, would give a few degrees additional

deflection of the Pole
;
but that such a distortion

actually took place is more opposed to geology and

physics than even the elevation of a continent ten

times the size of Europe to a height of two miles.

Mr. Twisden, in his valuable memoir referred to,

has shown even more convincingly how impossible
it is to account for the great changes of geological
climate on the hypothesis of a change in the axis

of rotation. This conclusion has been further borne

out by another mathematician, the Rev. E. Hill, in

an article in the "
Geological Magazine," for June,

1878. And Professor Haughton, in a paper read

before the Royal Society, April 4, 1878, published
in "Nature," July 4, 1878, entitled, "A Geological
Proof that the Changes of Climate in Past Times were

not due to Changes in the Position of the Pole," has

proved from geological evidence that the Pole has
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>liifi-'l it- i>osition to any great extent. "If

we examine/' he says,
" the localities of the fossil

remains of the Arctic regions, and consider can-fully

their relations to the position of the pros. :

Pole, we find that we can demonstrate that tin* Pole

has not sensibly changed its place during geological

periods, mi'l that the hypothesis of a shifting pole

(even if permitted by mechanical considerations) is

inadmissible to account for changes in geological
climates."

There is no geological evidence to show that, at

least since Silurian times, the Atlantic an-1 1

were ever in th.-ir broad features otherwise than

they are now two immense oceans separated by th<-

Eastern and Western continents anl th. n is not the

shadow of a reason to conclude that the poles Imv.-

shifted much from their i,^iti.n. On
this point I cannot do better than quote the oj

by Sir William Thomson:

"At to changes of s axis, I need not repc;

statement of dynamical principles which I gave \\

mental illustrations to the Sen

: I you of the chief result, for steady rota-

tion, the axis n>un<l which the .vrth revolves must be a

i pal axis that is to sa;.
. :i axis that

the centrifugal forces called into play bv -n balance

one a i ist transpositions of mat t

surface, or else distortions of the whole solid mass,

must have taken place to alter the axis sufficiently to pro-

consi i shown to be possible or re any

hypothesis accounting for changes of climate by alterations

of the axis can be admitted. This question has been exhnus-

>rge Darwin,

nrt-ntly r':i:i!iMiiic.ir.-! totfe K"V;i1 Boofctj of LoodoD, Mid



FAILURE OF CLIMATIC THEORIES. 7

the requisitions of dynamical mathematics for an alteration

of even as much as two or three degrees in the earth's axis

in what may be practically called geological time shown to

be on purely geological grounds exceedingly improbable.
But even suppose such a change as would bring ten or

twenty degrees of more indulgent sky to the American Arctic

Archipelago, it would bring Nova Zembla and Siberia by so

much nearer to the pole ;
and it seems that there is probably

as much need of accounting for a warm climate on one side

as on the other side of the pole.* There is in fact no

evidence in geological climate throughout those parts of the

world which geological investigation has reached, to give any
indication of the poles having been anywhere but where they
are at any period of geological time."f

In the memoir from which the preceding paragraph
is quoted, Sir William maintains that an increase in

the amount of heat conveyed by ocean currents to the

Arctic regions, combined with the effect of Clouds,

Wind, and Aqueous Vapour, is perfectly sufficient to

account for the warm and temperate condition of

climate which is known to have prevailed in those

regions during the Miocene and other periods.

Now, this is the very point for which I have been

contending for many years. The only essential differ-

ence between Sir William's views and mine is simply
this : He accounts for an increase in the flow of warm
water to the Arctic regions by a submergence of the

circumpolar land, whereas I attribute it to certain

agencies brought into operation by an increase in the

eccentricity of the earth's orbit. Such geological
evidence as we possess of warm episodes in the

* This has been proved to be the case by Professor Haughton,
"
Nature," July 4, 1878.

t
" Trans, of Geol. Soc. of Glasgow," Feb. 22, 1877.
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regions does not point to MK-M 1 ipera-

tores being specially due t : ^enoe of the polar
land. What has chi.-tly tended to retard the accept-

'icory of secular changes <>t dis-

cussed in my \vi-rk -ntitl-<l 'Climate and Tin.

the f :- have not fully ivuli>e.l to

what an immense extent tin- climatic rendition of

our globe i* !

j
udent upon the distribution of

by means of ocean currents. Were it not for the

enormous amount of heat transferred from equa-
torial to temperate and polar regions by means of

ocean currents, the globe would scarcely be habitable

by the present orders of senti.nt 1 :i this

fact becomes fully recognised, all difficulties felt in

accounting for geological climat* will soon disaj

limatic influence of ocean cunvnts has not been

sufficiently consid* 13 doubtless to the fact that

before I attempted to compute the absolute an

of heat conveyed by tin < tin, so as to com-

pare it with the amount lii

;tic from the sun, no one had i that

ocean in temperate and Arctic regions was de-

on heat brou -lit fr-.m th<-

tor. And this being so, it was impossible for any
one fully to realise to what in climate mu-t

necessarily be affected by an increase or a decrease

of that ^tream.

-nuson speaks of his theory
;

that hut l--ynn<l th<- men- axumption of the

submergence of the circumpolar lan-1, the two th-

little in common. Jnl- !. no one who I*-!

r William does) that the former warm climatic

of the polar area was mainly <lu.- to a trans-

ference of bent from equatorial to Arct ns by
means of occ. illy adopt Lycll's
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theory.* According to that eminent geologist, the

temperature of the Arctic regions would be raised by
the removal of the continents from polar and temperate

regions to a position along the equator. But if the

equatorial regions were occupied by land instead of

water, the possibility of conveying heat to temperate
and Arctic regions by means of ocean currents would

be completely cut off. In fact, one of the most effectual

ways of lowering the mean temperature of the globe
would be to group the continents along the equator.
The surface of the ground at the equator becomes

intensely heated by the solar rays, and this heat is

radiated into space much more rapidly than it would be

from a surface of water warmed under the same con-

ditions. Again, the air in contact with the hot ground
becomes more speedily heated than it would if it were

in contact with water, and consequently the ascending
current of air over the equatorial lands carries off a

greater amount of heat than it could take away from a

water-surface. Now, were the heat thus carried off to

be transferred by means of the upper currents to high
latitudes, and there employed in heating the earth,

then it might to a considerable degree compensate for

the absence of warm ocean currents. In such a case

land at the equator might be nearly as well adapted
as water for raising the temperature of the whole

earth. We know very well, however, that the heat

carried up by the ascending current at the equator

performs little work of this kind, but on the con-

trary is almost wholly dissipated into the cold stellar

space above. Thus, instead of warming the globe, this

ascending current is in reality a most effectual means
of getting rid of the heat received from the sun, and

* For a fuller statement of Sir Wm. Thomson's views, see chapter
on the Cause of Mild Polar Climates.
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by reducing tli

earth loses as well as gains the greater part of h* T

heat in equatorial regions, it sub-

stance best adapted for proven tin _: tli. -dissipation of

that heat must be distributed in order to

nJ temperature. Now, of all substances in n.itui .
.

water seems to possess tli is quality in the highest

degree; and, being a fluid, it is adapted by means of

nts to carry the heat which it receives to

ion of the globe.

has been urged as an objection to any ocean-

current theory that, while it provides the requi it.-

;nt of heat, it fails to remove r four

months' darkness of an A .nter. which nm-t

have proved fatal to plants of the Mioccn
]

This objection seems, howeN ave no foun<!

in fact Sir Joseph Hooker stated to the Royal

Society, at the close of the r I Prof. <

Darwin's paper, that palm ^ an<l other plants l.nnnrht

from the tropics survived the wint- T in St. Peters-

burg without damage, though matted down in absolute

darkness for more than six months: and he w

opinion that the want of sunlight during the Arctic

winti-r would not be \ udicial to the plai

a cause must bo found as well for the cold of

the Glacial Kpoch as imate of the

d in Mioc.-n<- times. Ac-

cording to Ly.-ll th- < 'ild iv.jiiiiv to be

it'- and |>olar regions to hrin^

about a glacial condition of things in Ihitain.

in an assumption which tin- present state of

geological science will hardly admit. It i^ p-i :

have been no Mich vast n-voh;

in physical geography in r*. y times.
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There has always been in Geology a tendency to

cataclysmic theories of causation; a proneness to

attribute the grand changes experienced by the

earth's crust to extraordinary causes. Geologists
have only slowly become convinced that those changes
were the effects of the ordinary agencies in daily

operation around us. For example, hills were formerly

supposed to be due to sudden eruptions and up-
heavals

; valleys to subsidences, and deep river gorges
to violent dislocations of the earth. All this is now

changed, and geologists in general have become con-

vinced that the main features of the earth's surface

owe their existence to the silent, gentle, and continuous

working of such influences as rain and rivers, heat and

cold, frost and snow.

It is not difficult to understand why a belief in

cataclysms should so long have prevailed, and geologists
should have been so prone to assume the existence of

extraordinary causes acting with great force. Geolo-

gical phenomena come directly under the eye in all

their magnitude, and consequently produce a powerful

impression on the mind. The quiet and gentle opera-
tions of nature's ordinary agencies appear utterly

inadequate to produce results so stupendous ;
and one

naturally refers effects so striking to extraordinary
causes. Beholding in a moment the effect, we forget
that the cause has been in operation for countless

ages.

We look, for example, at a gorge, perhaps a thousand

feet in depth, with a small streamlet running along its

bottom. Our first impression is that this enormous

chasm has been formed by some earthquake or other

convulsion of nature rending the rocks asunder
;
and

it is only when we examine the chasm more minutely,
and find that it has been actually excavated out of the
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solid rock, that we begin to see t work has been

done 1>\ running water. A we do not

imagine that such a chasm can have been made hy the

streamlet in its present puny form

in former ages a great riv. r ran down
:';iil to give tli :.t of tim.- .hi.- intiu.-nc.- in

^peculations. We overlook the fact that the

streamlet has been deepening its bed for perhaps
millions of years. Why, London itselt have

been built by one man had he bee A during

all tli.- \. streamlet was cutting out its

gorge.
V derations cross the mind,

every difficulty vanishes, and we feel satisfied that all

the ^ been performed by the stream

The very same may be said in regard to the origin
of hills, valleys, and other features d irth's

surface. Y-t ho\v dillicult some

geologists that our mountains have been formed, as a

rule, not by eruptions and upheavals, hut ly tip

process of sub-aerial denudati

Cat explanations of
]

large extent disappeared 1 li -Id of
j hysic&l

geology. But tip in \vliid.

still mon..j..ilize the field, vi/., in tluit which treats of

great climatic changes in .->. .In-t

ical geology great and imposiii_

attrihuted to extraordinary' causes, so in questi< :

geological climate* : ^situdes have been referred

to equally vast and unusual agencies.
\\ . kiP.u that at a period comparatively recent

almo down to toler-

udes was l.uri.-d und.-;-

to being perhaps as rigorous as that of Greenland

at the PIVNI-I
'

r that at

nth'-r j-.-riods, Greenland and tin- Arctic regions
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not only to a large extent at least free from ice, but

also enjoyed a climate as warm and genial as that of

England. To attribute results so striking and stu-

pendous to such commonplace agencies as ocean

currents, winds, clouds, and aqueous vapour is at

present considered to be little else than absurd.

Extraordinary and imposing causes proportionate to

the effects are therefore sought.
To account for the Glacial Epoch, for example, the

land was at one time supposed to have stood much

higher than at present. It was soon discovered, how-

ever, that the glaciation was much too general to be

explained by such means. Many believed that it

might be accounted for by assuming a displacement
of the continents, but this hypothesis had likewise to

be abandoned when it became known that no altera-

tion in the position of our continents and ocean basins

has taken place since the Glacial Epoch.
Others again imagined that some great change had

probably taken place in the obliquity of the ecliptic so

as to bring the Arctic circle down to beyond the lati-

tude of England. And in order to bring this about

what enormous upheavals were supposed to have

occurred ! It was soon, however, shown that no pos-
sible rearrangement of matter on our globe could

materially affect the obliquity; and besides this, it

was further pointed out that, even supposing the

Arctic circle was by such means to be shifted down
to our latitude, yet it would not bring an Arctic

climate along with it, but the reverse. This hypo-
thesis being in its turn abandoned, it was next

assumed that the earth's axis of rotation must have

been moved so as to carry our island up to the Arctic

regions. But to shift the axis of rotation even so

much as 3, upheavals and subsidences of a magni-
3
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tu-1. hitherto unheard of in geological specul
had to be assumed. A change of 3, however, being

totally inadequate to account l.r tin- /nut changes of

climate in question, earthquakes of sufficient power to

break up the solid fram< \\i k of the globe had to be

called into operation, so as to cause a rearrangement
of matter sufficient to produce a displacement of the

pole to the extent required. The amount of distortion

necessitated by this theory is so enormous that

of its advocates have recently abandoned it as hope-

But is there really after all any necessity for invok-

ing the aid of agencies so extraordinary and gigantic
7

To carve a country, say like Scotland, out of hard

Silurian rock into hill and dale and mountain ridges,

thousands of feet in h- i^ht, is certainly a HUT

stupendous undertaking than simply to cover th-

same area with a sheet of ice. And if cmninoi

agencies like rain and Eroti and snow, can do

the former, why may not such agencies as ocean

nts. win
i, and n<{ r be suf-

ficient for the lat t

That geological climate should depend on the causes

to which we refer cannot appear more improbable to

the geologists of the present day than th iniVrenee

that hills and val' fnrni'-d l.y atmospheric

agencies did to the geologists of the last generation.
And there is little doubt that 1-y th- next generation
the one conclusion will be as freely admitted as the

Wh-n a physicist SO cmi- -ir Win. Thomson

expresses his d. rided opinion that the agencies in

question are all that are necessary to remove the ice

from the Arct t <>n tln-m a mild

and t-mj
^ to be hoped that the day
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is not far distant when the climate controversy will

be concluded. When the fact comes to be generally
admitted by physicists that a great increase in the

temperature and volume of the ocean currents flowing

polewards is sufficient to prevent the accumulation of

ice in the Arctic regions, it will then be allowed that

we only require a great decrease in the volume and

temperature of the currents in order to account for the

former accumulations of ice on the temperate regions,

or, in other words, to explain the occurrence of the

Glacial Epoch. And when this position is reached, it

will be seen that the whole depends upon a very

simple cause, requiring neither the submergence nor

the elevation of continents, nor any other great change
in the physical geography of the globe.

When the eccentricity of the earth's orbit is at a

high value, and the Northern winter solstice is in

perihelion, agencies are brought into operation which

make the S.E. trade winds stronger than the N.E.,

and compel them to blow over upon the Northern

hemisphere as far probably as the Tropic of Cancer.

The result is that all the great equatorial currents of

the ocean are impelled into the Northern hemisphere,
which thus, in consequence of the immense accumu-

lation of wrarm water, has its temperature raised, and

snow and ice to a great extent must then disappear
from the Arctic regions. WT

hen the precession of the

equinoxes brings round the winter solstice to aphelion,
the condition of things on the two hemispheres is

reversed, and the N.E. trades then blow over upon
the Southern hemisphere, carrying the great equatorial
currents along with them. The warm water being
thus wholly withdrawn from the Northern hemisphere,
its temperature sinks enormously, and snow and ice

begin to accumulate in temperate regions. The amount
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of
] >rccipitation in the form of snow in temperate

regions is at the same time ci reased by
the excess of the evaporation in 1<> les result-

ing from the nearnens of the sun in perihelion during
SUlllIll'T.

The final result to which we tire theref"!

that those warm and cold periods which have alter-

nately prevailed < luring past ages are simply the great
secular summers and winters of our globe, depending

annual <n s do upon planetary motions,

and 1 > fulfilling some important -nls in

the economy
,471 '('rence. The physical theory

iliii'.-rs from all the preceding in >pect,

viz., that it contains no hypothetical elements. All the

causes are real; none hypothetical. The conclu

ore all deduced either from known facts, or from

admitted physical prim-ipl. >. and in no case are tin y
based on hypotheses. Hypotheses will be foun-1 in

my cosmologies! discussions, but none when I deal

with climatological questions.



CHAPTER II.

MISAPPREHENSIONS REGARDING THE PHYSICAL THEORY
OF SECULAR CHANGES OF CLIMATE REPLY TO CRITICS.

Reason for considering Professor Newcomb's Objections. Logical

Analysis rather than Mathematics required in the meantime.

Temperature of Space. Law of Dulong and Petit. Heat Con-

veyed by Aerial Currents. Why the Mean Temperature of the

Ocean ought to be greater than that of the Land. Heat Cut Off

by the Atmosphere.

TWENTY-ONE years ago the theory was advanced that

the Glacial Epoch was the result of a combination of

physical agents brought into operation by an increase

in the eccentricity of the earth's orbit. Few or no

objections have been urged against what may be called

the astronomical part of the theory ;
but the portions

relating to these physical agencies, which are by far

the most important part, have from time to time met
with considerable opposition. Considering the newness
of the subject, and the complex nature of many of

these combinations of physical agencies, it would not

be surprising if some of the original deductions in

regard to them proved erroneous
;
but after long and

careful reconsideration of the whole matter, I have
not found reason to abandon any of them or alter

them to any material extent.

The only class of objections urged against the

theory which I have as yet considered at length are

those relating to the cause of ocean-currents, and their

influence on the distribution of heat over the globe ;
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I think it will !> almitt-l that the views which

i vc advocated on these points are now being

gen* not almost universally accepted.

But it is in reference to the intliK-mv of a.|

vapour, fogs, and clouds on the production and preser-

vation of snow that the greatest div r-ity of opinion

has prevailed. The object of the present chapter

examine at some length tin- principal obj -.vhicli

have been advanced in regard to this part of the

inquiry. I shall also take the present opportunity of

issing more fully some points on which I have

been sometimes misunderstood, and which appear to

have been treated rather too briefly on former occa-

In the "American Journal of Science" for April,

1876, Professor Newcomb has done me the honour t>

review at some length my work,
' Climate ami Tim. ,'

and as his article is mainly devoted to ^m of

my reasoning in regard to those very points to which

I refer, I shall begin with an examination of his

objections. One reason for . nt. ring at some length
into an examination of Professor Newcomb's obje<

i they embrace to a large ext

which have been urged by i tl in Great Britain.

Some of his objections, however, as will be seen, are

based upon a misapprehension of m
recentlv. in an article in that .Journal for .lanuarv,

1884, and in the " Phil. Mag." for F.-l.niary.

has advanced other objections.

Professor Newcomb states that he luu, a want of

:<-nrr in anything a puivly mathematical

investigation of the subject. Oi I fully com ur

with hi in as to the desirability of

matical investigation of tin MI!

gation, 1. 1 think, impossible at present.
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In a question so complex and difficult as that of the

cause of the Glacial Epoch, depending as it does on

the consideration of so many different elements, some

of which are but little understood, logical analysis

rather than mathematics will require to be our

instrument in the meantime. The question must first

assume a clear, definite, and logical form before

mathematics can possibly be applied to it.

It is objected that my language is wanting in quan-
titative precision that I use such terms as "great,"

"very great," "small," "comparatively small," and so

forth without any statement of the units of comparison

relatively to which these expressions are employed. No
one reasoning on the combined influence of a multitude

of physical causes could well avoid the almost continual

use of such terms. Besides, my critic forgets that in

almost every case in which I use these terms numerical

exactness is not attainable; and even if it were, it

would, as a rule, be of little service, seeing that the

conclusion generally depends on the simple fact that

one quantity is less or greater than another
;
not on

how much less or how much greater the one may be

than the other. Although my arguments are logical,

few writers, I venture to say, have done more than

myself to introduce definite quantitative exactness

into the questions I have discussed.

Temperature of Space. One of the most important
factors in the theory of geological climate resulting

from changes in the eccentricity of the earth's orbit is

obviously the temperature of stellar space. Unless we

have, at least, some rough idea of the proportion which

the heat derived from the stars bears to that derived

from the sun, we cannot form any estimate of how much
the temperature of our earth would be lowered or raised

by a given decrease or increase of the svn's distance.
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The question of the temperature of space has 1

investigated in different ways by Pouill. t ami Her>ch-l ,

un.l the result arrived at was that space has a tempe-
rature of 239 F., or an absolute temperature of 222

The mean absolute temperature of our earth is about

521. Consequently according to these results, the

heat received from the stars is to that i

the sun as 222 to 299. All my determinations of the

change of temperature due to changes in the sun's dis-

tance were computed on these data, although I beli- -\
.

for reasons stated, that space must have a much lower

temp- Recent observations of Professor Langley
made during the Mount Whitney expedition confirm

the correctness of my
Professor Newcomb, how. \. r wholly ignores all

that has been done on that subject, for 1 ences

his review by the stat ically tl

but one source from which the surface of t

receives heat the SUT tin- quant it \

from all other sources is quite insignificant in

parison."
He states that he regards the conclusion that

temperature of space is 239 as having no sound

basis. This maybe perfec Imnlly a

warrant for affirming that practical! iut nn,

source (the sum I'mm which t'
1

.- of the i

receives heat, without even researches

t* who hav.- Miffed

totally differ*-: . Any mir wh.. ha* read

Climate and Tim.-' will know that I al>j.t"l 239 as

the temperature of space, not because I Kli,\,<l that.

to be correct, hut because at th<- tin 1

there was no other to adopt. In fart in
a<i<>]iting so

hiu'M a t'-ni|M
: -r Space I Was doiliuf my th-ory

a po ; for tlic lower the
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temperature of space the greater must be the decrease

of temperature resulting from an increase in the sun's

distance due to eccentricity. My opinion all along has

been that the temperature of space is little above abso-

lute zero.

As an argument against the conclusion that space
can have the high temperature assigned to it by
Pouillet and Herschel, he says :

"
Photometry shows

that the combined light from all the stars visible in

the most powerful telescope is not a millionth of that

received from the sun, and there is no reason for

believing that the ratio of light to heat is incompar-

ably different in the two cases." This very argument
from the extreme smallness in the amount of light

derived from the stars in comparison to that from the

sun, intended by him to convince me of the absurdity
of supposing that space possesses a temperature as high
as 239, is just the argument advanced by myself
in the "Reader" for December 9, 1865, and after-

wards reproduced in ' Climate and Time/ at page 39,

from which I quote the following :

' We know that absolute zero is at least 493 below the

melting-point of ice. This is 222 below that of space.

Consequently, if the heat derived from the stars is able to

maintain a temperature of 239, or 222 of absolute tem-

perature, then nearly as much heat is derived from the stars

as from the sun. But if so, why do the stars give so much
heat and so very little light? If the radiation from the

stars could maintain a thermometer 222 above absolute

zero, then space must be far more transparent to heat-rays

than to light-rays, or else the stars give out a great amount

of heat, but very little light, neither of which suppositions

is probably true. The probability is, I venture to presume,
that the temperature of space is not very much above absolute

zero.'
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Law of Dulong and Petit. Prof. Newroml. gives
his readers to understand that I assi; laws

of cooling to be correct; and that I apparently nov

adduce the more correct law of Dulong and Petit-

that if we take a series of temp* in arithni

progression, the corresponding rates of radiation of

heat will not be in arithmetical progression, but in a

series of which the differences continually incivasr. It

he will refer to the "Reader," Dec, 9, 1865, "Phil. Mag.,"
Feb. 1870, "Nature," April 1, 1880, and Climate and

(the book he reviewed), p. 37, he will there see

the question discussed at considerable length. H- will

also find reference made to a remarkable circumstance

connected with radiation which perhaps may be

to him. It is this : the law of Dulong and I

'

as the temperature of a body rises the radiation of the

body increases in a much higher ratio) h< only
of the body considered as a mass. '1 ability is,

as has been shown by Prof. Balfour Stewart, that the

individual particles composing the body obey N< wt"ii >

1 iat ion; in other wor li at ion of

1 particle klj proportionate to its abso-

lute temperature.
Fin .atin^ the extent to which tempera-

'd by a change in the sun's distance,

Newton's law makes the extent too great; while tin-

formula of Dulong and Petit, which is an empirical

one, i. ', on the oth ill. This

formula has been found to agree pretty closely with

observation within ordinary limits, but it comj.l. t.-ly

breaks down \vh.-n applied tod.-t. rmine hi-1;
|

tores. F-:
I

is f..und in
| ::ip-ratur'-

for tl .<)F., or not n. -hat of

an ordinary furnace. It is proluiblc also that it will

e<jually break d-/\vn \vln-n ppli-il to very lv,

peraturas, such as that
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I am very much pleased to find that Professor

Newcomb draws a conclusion from Dulong and Petit's

law favourable to my theory of the cause of the Glacial

Epoch, which certainly did escape my notice. And it

is a curious circumstance that Mr. Hill* has likewise

deduced a conclusion even more favourable to glaciation
than that of Professor Newcomb.

I am pleased to find that he agrees, in the main,
with what has been advanced in ' Climate and Time '

in reference to the heating power of ocean currents,

and also as to their existence being due to the impulse
of the winds. But he differs widely from me in regard
to the heat conveyed by aerial currents.

On the Heat conveyed by Aerial Currents. I stated

that the quantity of heat conveyed by the air from equa-
torial to high temperate and polar regions is trifling in

comparison with that conveyed by ocean currents
;
for

the heated air rising off the hot ground of the equator,
after ascending a few miles becomes exposed to the

intense cold of the upper regions, and having to travel

polewards for thousands of miles in those regions, it

loses nearly all the heat which it brought from the

equator before it can possibly reach high latitudes.

To this Professor Newcomb objects as follows :

" He
(Mr Croll) speaks of the hot air rising from the earth

and becoming exposed to the intense cold of the

upper regions of the atmosphere But what can this

cold be but the coldness of the very air itself which has

been rising up? If the warm air rises up into the cold

air, and becomes cooled by contact with the latter, the

latter must become warm by the very heat which the

former loses
;
and if there is a continuous rising current

the whole region must take the natural temperature
* "

Evaporation and Eccentricity as Co-factors in Glacial Periods,"
"
Geological Magazine" for November, 1881.
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of the rising air. This temperature is, indeed, much
below that which maintains at the surface, for the

simple reason that air becomes cold by expansion

according to a definite and well-known law. II

thus got his rising current constantly cooled <

conUi the cold the upper regions, it.has

to pass on its journey towards the poles," etc.

lit -re the cooling of the ascending air is attri

to two causes (1) the heat lost by expansion
air rises

; (2) the heat lost by contact with the colder

Inch the ascending air passes and with

which it mixes in th- upper regions. But the two

may be resolved into one, viz ., th* heat lost by expan-
sion

;
for the cold air, to which the ascending air

communicates its heat by contact, is assumed to have

originally derived its cold, in like manner, from

expansion. This is evident, for, although hi recoi

the effect of radiation into space, he assumes tlmt this

loss is compensated by counter-radiation. Th> upper

regions are, he says, exposed to the radiation of tl it-

sun on the one side, and of the earth's lower atmosphere
is no proof that these do not

equal the surface-temperature. And again. \vh -n the

air descends in high latitudes to the earth's surface, an

amount of ill be evoh -. .1 l.y compression equal
to that which is lt win -n it rose from the equator.

Professor Newcomb has misappi not only

my meaning, but also t

'

: reason why tlv air in

ippcr region is so intensely co! who
has read what I have stated in

(>; imate

and Time,' regarding th- t. -mj. -ratuiv of space will

readily un-l. rstand what I mean by the temperature

j>er regions. By th.- t.-iujM-ratuiv of .stellar

space, it is not meant that space itself is a something

The italic* are mine.
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possessed of a given temperature, say 230 F. It

simply means the temperature to which a body would
fall were it exposed to no other source of heat than

that of radiation from the stars. By the temperature
of the upper regions I mean the temperature to which
air in those regions sinks in consequence of loss from

radiation into space. It is mainly to this cause, and
not to the loss from expansion, as Professor Newcomb
assumes, that the intense cold of the upper air is due.

The air in that region has got beyond the screen which

protected it when at the earth's surface, and it then

throws off its heat into space during twelve hours of

night, getting no return from without except from the

radiation of the stars. And even at noonday, as I have

endeavoured to show in Appendix to Climate and

Time,' p. 551, the rays of a burning sun overhead

would not be sufficient to raise the temperature of the

air up to the freezing-point. But the recent observa-

tions of Professor Langley prove that the loss of heat

from radiation is in reality far greater than I had

anticipated. He says :

" The original observations,

which will be given at length, lead to the conclusion

that in the absence of an atmosphere the earth's tem-

perature of insolation would at any rate fall below

50 F.
; bywhich it is meant that, for instance, mercury

would remain a solid under the vertical rays of a

tropical sun were radiation into spacewholly unchecked,

or even if, the atmosphere existing, it let radiations of

all wave-lengths pass out as easily as they come in"

(" Nature," August 3rd, 1882).

The temperature of the upper atmosphere, even

after making allowance for heat received from below,

must in this case be at least 80 below the freezing-

point. The quantity of heat lost by expansion must

therefore be trifling compare^ with that lost by radi-
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ation
;
and although the heat lost by expansion is fully

restored by compression air would reach the

Irjirivr.l almost cntiivly of the heat with which

it left the equator. All that it could possibly give
back wouM -imj.lv be the heat of compression; and

irdly be sufficient to raise the air at

50 F. to the freezing-point How then can

polar regions be greatly the better of air 1

equatorial regions? Professor Newcomb says: "If

the upper current be as great as is commonly supposed,
ist be as powerful as ocean-currents in t- n-ling to

equalise the temperature of the globe." How cai .

be?

Why the Mean Temperature of the Ocean 8/<

be greater than that of the Land. " Another proposi-

tion," he says,
" which the author attempts to prove,

reasoning which seems equally inconclusive, is that

the mean temperature of the ocean is greater than

that of the land over the lobe." I c- -rtainly

never attempted to prove that

of the ocean is greater than that of the lanl \

globe. The very chapter to which he

refers, and which he is about to cri

to explain why the mean temperature of the sou

or w. IB less than that of the nor

phere. What I attempted to prove was,

not that the mean temperature of the ocean

, that of the land, l>m not for c

causes, the moan temperature tht to

be gi
'.-'it of the lain 1 in equatorial r-

Swell as in t< in: :il arctic 1 i other

.1; object
. > to prove that the

mean temperature of tin- south-

was less t rn or lan<l h'-mi
-]>li. T.-,

as was generally supposed, be<
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mainly water and the latter land, but because of the

enormous amount of heat transferred from the former

to the latter hemisphere by means of ocean-currents
;

and that, were it not for this transference, the tem-

perature of the water would exceed that of the land

hemisphere.* And it is in order to prove this that the

"four a priori reasons" which Professor Newcomb
criticises were adduced. The first of these is as

follows :

First. 'The ground stores up heat only by the

slow process of conduction, whereas water, by the

mobility of its particles and its transparency for

heat -rays, especially those from the sun, becomes

heated to a considerable depth rapidly. The quantity
of heat stored up in the ground is thus comparatively

small, while the quantity stored up in the ocean is

great.' f
These sentences are considered unwr

orthy of criti-

cism. Are they really so unworthy ? Let us examine

them a little more closely. It is in consequence of

the sun's rays being able to penetrate to a great depth
that the amount of heat stored up by the. ocean is so

great ;
and it is to this store that its warmth during

winter is mainly due. The water is diathermanous

for the rays of the sun, but it is not so, for reasons

well known, for the rays of water itself. The upper

layers of the ocean will allow a larger portion of the

radiation from the sun to pass freely downward, but

they will not allow radiation from the layers under-

neath to pass freely upwards. These upper layers,
like the glass of a greenhouse, act as a trap to the

* Since 'Climate and Time' was published it has been proved
from observation (see next chapter) that, notwithstanding this trans-

ference of heat, the water hemisphere is the warmer of the two.

t
' Climate and Time,' p. 90.
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rays, an- 1 thus allow the water of the ocean to

stand at a higher temperature than it would otherwise

do. Again, the slowness with which the ocean thus

parts with its heat enables it to maintain that

paratively high temperature during the long v,

months. And again, it is to the mobility of th>

particles of water, the depth to which the h* at

penetrates, and the rapMity with which

those great currents of warm water become pos-
siMr. Were the waters of the ocean like the land,

not mobile, and were only a few inches at the surface

reached by heat from the sun, there could be no < lult'-

stream, or any great transference of heat from th

southern to the northern hemisphere, or from equa-
torial to temperate and polar regions, by me*v

oceanic circulation,

Second. 'The air is probably heated more rapidly

by contact with the ground than with the ocean ; 1-ut

on the other hand, it is heated far moiv rapidly l.y

radiation from the ocean than from the land. The.

aqueous vapour of the air is to a great extent diath. i
-

manous to radiation In-m the ground, while it absorbs

rays from water, and thus becomes heated.'

To this Professor Newcomb objects, as follows:-

th.'ii.the air is really heated by contact with the ground
more rapidly than ly contact with tin- wan, it can nnlv

be because the ground is h..tt.T than tin- i.c-an. which
i^ dir Mr. l'r.ll is main-

taining." What I maintained was that it not

for certain causes, the mean annual tempi-rat u:

the ocean would that of the land.

'ig the day and also during tin- suinm.-r th-

face of the gr . >f the ocean ;

and t i course, will be heated more rapidly hy
contact with the former than with the latter.
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this does not prove that the air is not more rapidly
heated by radiation from the ocean than from the

land. Professor Newcomb says: "The statement that

the aqueous vapour of the air is diathermanous to

radiation from land, but not to that from water, is

quite new to us, and very surprising." I am surprised
that he is not acquainted with the fact, and also with

its physical explanation. This will help to account

for his inability to perceive how radiation from the

ocean may heat the air more rapidly than radiation

from the land, even though the surface of the latter

may be at a higher temperature than that of the

former.

He says: "The rapidity with which the heating

process goes on depends on the difference of tempera-

ture, no matter whether the heat passes by conduction

or by radiation." This statement will hardly har-

monise with recent researches into radiant heat. It

is found that the rapidity with which a body is heated

by radiation depends upon the absorbing power of the

body ;
and the absorbing power again depends upon

the quality of the heat-rays. Professor Tyndall, for

example, found that in the case of vapours, as a rule,

absorption diminishes as the temperature rises. With

a platinum spiral heated till it was barely visible, the

absorption of the vapour of bisulphide of carbon was

6'5,but when the spiral was raised to a white heat the

absorption, was reduced to 2'9. A similar result took

place in the case of chloroform, formic ether, acetic

ether, and other vapours. The physical cause of this

is well known.

If the aqueous vapour of the air, he says, be more

diathermanous to radiation from land than from

water, as I have stated, then I assigned directly

contrary effects to the same cause. For,
"
reasoning



30 DISCUSSIONS /.v UlOUfOLOOT.

as in (1), he, Mr. Croll, would have said that the air

over the land, owing to its transpar

rays from the land, becomes heated to a great

rapidly, while the the ocean, not being t

parent, can acquire heat from the ocean only hy th<>

slow process of convection." I would have said no

tiling. Radiation from the surface of tin- hind

will, no doubt, penetrate more freely through the

aqueous vapour than radiation from the ocean; l.ut

the aqueous vapour will not absorb the radiation of

the land so rapidly as that of the ocean, for the ocean

gives off that quality of rays which aqueous vapour
absorbs most rapidly.

This is not in opposition to what I have stated in

reason (1): for, if the ground v* pan -nt t<> the

sun'- rays lik total quantity of

heat absorbed l>y it would he ^n-at.-r than that 1-y the

ocean. But radiation from the sun heats only the

surface of the ground; all below the surface <!
]>

n-ls

for its supply on the slow process of conduction,

whereas the ocean is hy direct radiation to

great d.-pth^. Consequ- -ntly the total qu
heat absorbed by the ocean, say per square mile, in a

time, is greater than that ahsorhrd hy the l.-uid.

e air radiates back a consid.-r

heat, and the ocean absorbs tl.5- ra<1

air more readily than the ground does. The
ocean will not reflect the h

nir, hut absorbs it, while the ground does tho

Opposite, Radiation from the air. tl

more readily t 'he ocean than L- land.'
1

!! ;

'

he says, "the air Lrivin-j back to

the ocean the Ham*- h- at which it absorbs from it,

and thus h. n- ih in.-ans

hy thi^ s. same amount of heat, then 1
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believe in no such thing. But if his meaning be that

here we have the air giving back to the ocean a

quantity of the heat which it absorbed from it, then

he is certainly correct in supposing that this is

affirmed by me. But this is a conclusion which no

physicist could for a moment doubt. To deny this

would be to contradict Prevost's well-known theory
of exchanges. Did the air throw back to the ocean

none of the heat which it derives from it, the entire

waters of the ocean would soon become solid ice. In

fact, as we have seen, mercury would not remain fluid,

and every living thing on the face of the globe would

perish.

In his "Rejoinder,"* Professor Newcomb still main-

tains that this involves the reductio ad absurdum of

two bodies heating each other by their mutual radia-

tion. This is not the state of the case at all, for both

bodies receive their heat from the sun
;
their mutual

radiation simply retains them at a higher temperature
than they could otherwise have. Here Professor

Newcomb appears to get into confusion owing to the

meaning which he attributes to the word "
heating."

The views which I have advocated in reference to this

mutual radiation are as follows : According to the

dynamical theory of heat, all bodies above absolute

zero radiate heat. If we have two bodies, A at 200

and B at 400, then, according to Prevost's theory of

exchanges, A as truly radiates heat to B as B does

to A. The radiation of A, of course, can never raise

the temperature of B above 400; but nevertheless the

tendency of the radiation of A, in so far as it goes, is

to raise the temperature of B. This is demonstrated

by the fact that the temperature of B, in consequence
of the radiation of A, is prevented from sinking so low

* ' Amer. Jour, of Science," Jan., 1884; "Phil. Mag.," Feb., 1884.
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as it would otherwise do. All this is so well k

to every student of thermodynamics, thn; ardly
think Professor Newcomb, on refl< ill dispute
its accuracy. And if he admits tl. h- mu-t

also admit the soundness of my third reason. fr this

is the principle on which it is based. The aqu <>us

vapour of the air absorbs a considerable amount
heat which is being constantly radiated by the ocean ;

a portion of this heat tints absorbed is thrown back

upon the ocean, the tendency of which is to k
]

the

e of the ocean at a much higher temperature than

ild otherwise have. Professor Langley has con-

d, from observations made at Mount Wl.

that were it not for the heat thrown back by the

atmosphere, or '*

trapped," as it is popularly called,

iry would remain solid under a v.ni. al sun.

He states that reason fourth seems to be little more
than a repetition of reason second in a different form.

It is, howrvi-r, much more than that. I nin-

stration that, were it not for the causes to which I have

alluded, the mean temperature of the water hemisph< i

ought to be higher land hei

>is reason I shall here give the section in full.

Fourth. ' The aqueous vapour of the air acts as a

screen to prevent the loss by radiation from v.

\\ hili- it allows radiation from the ground to pass in- ..

y into space; the atmosphere over the ocean

consequently throws back a greater amount of h* at

rown back by the atmosphere land.

:H case has a much greater difficulty than

the land has in gettin;: <|iiit
of r from

the sun ; in oth.-r - land tends to lose its heat

more rapidly than the sea. The consequence of all these

circumstances i ie ocean must stand at a 1 .

mean tempera- land. A state of <-'jui-
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librium is never gained until the rate at which a body

receiving heat is equal to the rate at which it is

losing it; but as equal surfaces of sea and land receive

from the sun the same amount of heat, it therefore

follows that in order that the sea may get quit of its

heat as rapidly as the land, it must stand at a higher

temperature than the land. The temperature of the sea

must continue to rise till the amount of heat thrown off

into space equals that received from the sun; when this

point is reached, equilibrium is established and the tem-

perature remains stationary. But, owing to the greater

difficulty that the sea has in getting rid of its heat, the

mean temperature of equilibrium of the ocean must be

higher than that of the land
; consequently, the mean

temperature of the ocean,and also of the air immediately
over it, in tropical regions, should be higher than the

mean temperature of the land and the air over it.'

I had thought that the foregoing expressed, with

sufficient clearness, the reasons why the ocean ought
to be warmer than the land

;
but I find that Professor

Newcomb, in his "
Rejoinder," still maintains that my

views on this point are opposed to the fundamental

laws of thermodynamics. But surely he must have

misapprehended my reasoning.
The temperature of a body can remain stationary

only when the rate at which it is losing equals that

at which it is receiving heat. If heat be lost more

rapidly than it is received, the temperature will fall.

The fall of temperature will diminish the rate of loss

till the rate of loss equals the rate of gain. After this

the temperature becomes stationary. If we have two

bodies, A and B, the same in every respect, each

receiving (say from the sun) the same amount of heat

in a given time, and if the only difference between

them be that A has a greater difficulty than B in
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getting quit of the then, for

the reason just assigned, A will nor.-s.snrily stand at

a higher temperature than B. Let us now suppose
the southern, or water to be A
northern, or land hemisphere, to be I'.. I

endeavoured to show ('Climate anl Time,' and

where) that A, the wir i sphere, ought to

mean temperature than B, the lain I 1

sphere, because the former has a greater difhYulty in

IL quit of the heat which it from

the sun than the latter. The |u -tion thm arises,

How is it that the water hemisphere has a gr

lilliculty l;m<l hciiii-j.inT.- in getting rid of

its heat ? It is mainly due to that cause which Pro-

fessor nb says is quite new to him. \ :/.. the

fact that the aqueous vapour of the r less

<tnou8 to radiation fivm from,
land. It is a curious fact that Prof. Newmmli. in his

"Rejoind' overlooks this cause ass:

by me, although I have stated it fully in my fourth

reason. The period of the heat-vibrations of th.-

aqueous vapour of is the same as that of the

ocean, and consequently the i vapour will

absorb radiation from the ocean more readily
land. A considerable portion of

absorbed by the aqueous vapour of th-

back upon the ocean, and in the aqueous

vapour acts as a screen, or lik. the glass of a L

mg the ocenn oH of

its heat so rapidly as th lanl. Th.- P suit i

lilihrium of tin- oo-an miM IT higher
t of the land. In ot <ls, before the

ocean mage to throw off its heat into space
as rapidly as it is rec i\ temperature i.n:>t

be higher than that <>f I!K- lan-I.
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The foregoing conclusion follows so obviously from

the known properties of aqueous vapour and the

principles of thermodynamics that I can hardly believe

Prof. Newcomb will call it in question. But he will

ask, How can the transparency of the ocean for heat-

rays, the mobility of its particles, and the greater store

of heat which it possesses, be a reason why its mean

temperature should be higher than that of the land ?

I thought I had made all this clear. The reason

becomes apparent when we consider why it is that

the surface of the ocean during night, and also during

winter, is warmer than the surface of the land. The
ocean in temperate regions seldom sinks to the

freezing-point, while the land is frequently frozen for

months. The cause is obvious enough : at night, when
the surface of the ocean becomes cool, the cold particles

sink and their places are supplied by warm particles

from below, and so long as the heat stored up remains,

the surface can never become cold. Were it not for

the transparency of water for heat-rays, it would be

impossible that the ocean could obtain a supply of heat

sufficient to maintain its surface-temperature during
the entire winter

; and, on the other hand, were the

particles not mobile, this store could be of little service.

It is true that the land is hotter during the day, and

also during the summer, than the ocean, but it is found

that the more equable temperature of the ocean gives
a higher mean. This is further shown from another

consideration. The land is more indebted for heat to

the ocean than the ocean is for heat to the land. For

example, a very considerable portion of the warmth

enjoyed by north-western Europe is derived from the

Atlantic. In like manner, western America is indebted

to the Pacific for a large amount of its heat. In

addition, an immense quantity of the heat received
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from tli" sun by the ocean is consumed in producing

evaporation, and a large portion of this heat latent in

ipour is bestowed on the land durin _ ation.

kOtwithftaoding this transference of heat from the

ocean to the land, the mean temperature of the form, r

is greater than that of the latter. "\\Yiv it not 1W it>

store of summer heat, the ocean could not afford to part
with so much of its heat to the land during winter, and

still maintain a higher mean temp<
re the publication of 'Climate and Tim.

accuracy of this conclusion has been confirmed in a

remarkable manner from more recent researches on
! mean temperature of the two hemispheres,

the details of which have heen Driven l.y Mr. I

in his "Meteorological Researches" (Washington, 1877).

It is found that the m< rature of the northern

r land hemisphere is higher than that of the southern

iter hemis]>liere up only to about latitud-

;ind that heyond tliis lalitiiile the ni'-an t-mj..-rature

nf the water liemis|,ht re is the greater of the

At latitude 40 the mean temperature of them

>phere is 1
0<4 higher than that

parallel a hemisj.; i latitude

50 tl. amounts to 4'4
;
while at latitude

60 the mean temperature of the southern hemisphere
is actually 6 higher than that of the northern on

the same parallel. The > f the

two hemispheres are as follows:

Lat
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From the above table we see that it is only in that

area lying between the equator and latitude 35 that

the southern hemisphere has a lower mean tempera-
ture than the northern. But it is from this area that

the enormous amount of heat transferred to the

northern hemisphere is mainly derived. Were the

transference of heat to cease, the temperature of this

area would be very considerably raised, and that of

the corresponding area on the northern hemisphere
lowered. The result would doubtless be that the

southern hemisphere down to the equator would then

be warmer than the northern. But, even as things

are, as Mr. Ferrel remarks, "the mean temperature of

the southern hemisphere is the greater of the two,"

the mean temperature of the southern being 60'89 F.

and that of the northern 59'54 F
Heat cut off by the Atmosphere. Professor New-

comb says further, "Another idea of the author which

calls for explanation is that solar heat absorbed by the

atmosphere is entirely lost so far as warming any
region of the globe is concerned." This is no idea of

mine. My idea is not that the heat cut off is entirely

lost, but merely that the greater part is lost. A large

portion of the heat is reflected, and of that absorbed

one half, perhaps, is radiated back into space and lost,

in so far as the earth is concerned.



CHAPTER III

M^A!TKr.m:\SIONS REGARDING THE I'HVSIC.M. Til

OF SECULAR CHANGES OF CLIMATE. REPLY TO

ICS Conlimud.

Tables of Eccentricity. Influence Influence

of a Snow-covered Surface. Heat Evolved by Freezing. The

nUmenUl Misconception. The Mutual Reaction of the

Phytical AgenU.-Explanation begins with Winter.- U- r.

Woeikof on the CaoM of Glaciation.

Tables of B ninur t-> my tables of

eccentricity of the earth's orbit, he says:
" T

are from time to time such periods of great ecc. ntri< ity

is a well-established result of the mutual gravitation
of the planets ;

but whether the particular epochs of

great and small ty computed by Mr. Croll

are reliable is a ilitfnvnt <p;
i IHTO

ion that Professor McFarland, of the Ohio State

y, Columbus, a few yean ago, undertoc

task of re-cc; ry one of the 150 p-

in my tables, and he states tlmt, -\< -pt in OQfl

instance, he did not find an error to the amount
of -001 .

he data for this computation," continues Prof

Newcomb, "are the formulae of Le Vt-iri. i, \\

out about 184 correction :t! i f>r the

later con usses of t -r for

American Journal of Science." v

f Le Verrier'a formulie were worked out several yean before ISl.'i.
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the terms of the third order, subsequently discussed

by Le Verrier himself. The probable magnitude of

these corrections is such that reliance cannot be placed

upon the values of eccentricity computed without

reference to them for epochs distant by merely a

million of years."

In regard to this objection I may mention that the

whole subject of the secular variations of the elements

of the planetary orbits has been re-investigated by
Mr. Stockwell, taking into account the disturbing
influence of the planet Neptune, the existence of which

was not known at the time Le Terrier's investigations
were made. Professor McFarland, with the aid of

Mr. Stockwell's formulae, has computed all the periods
in the tables referred to above ; and on comparing the

results found by both formula, he states that "the

two curves exhibit a general conformity throughout
their whole extent." And his computations, I may
state, extend from 3,260,000 years before 1850, and to

1,260,000 years after that date
; or, in other words,

over a period of no fewer than 4,520,000 years,* thus

showing that Professor Newcomb's objection falls to

the ground.

Influence of Winter inAphelion. I have maintained

that at a time when the eccentricity is high and the

winter occurs in aphelion, the great increase in the sun's

distance and in the length of the winter would have the

effect of causing a large increase in the quantity of snow

falling during that season. This very obvious result

follows as a necessary consequence from the fact that

the moisture which now falls in the form of rain would

* In this laborious undertaking Professor McFarland computed,

by means of both formulae, the eccentricity of the earth's orbit and

the longitude of the perihelion for no fewer than 485 separate epochs.

See " American Journal of Science," vol. xx. p. 105 (1880).
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tin -ii fall as snow. But Professor Newcomb actually

states that ho cannot accept the conclusion that this

would lead to more snow.

Influence ofa Snow-covered Surface. I have argued
that this accumulation of snow wouM 1 sum-

mer temperature :
and tend to prevent the disappen ;

of the snow, and have assigned three reasons for this

conclusion:

4, Direct radiation The snow, for physical

reasons well known,will cool the air more rapMly than

the sun's rays will heat it This is shown from the fact

that in Greenland a snow and ice-covered conn

thermometer exposed to the direct radiation of tin >un

has been observed to stand above 100 v, hil-- the air

surrounding th< in^irmm-nt was actually 12 below tin-

ng point Professor Newcomb and also M r. 1 1 i 1 1

*

regard the idea that this could in any \\ or tho

i illation of snow as absurd. They think tl

fact it would have directly the opposite effect. Th.-y

have perceived only one-half of .It. It LS quite

true, as they alii in, that the cooling oi tin- an 1-y th-

snow will not prevent the n. t th sn<>\\-, hut the

reverse. There is, however, another -im-

portant result overlooked in their objection. If tho

snow and ice-covered surface keeps the temperature of

1 *jlow the freezing-point, which it evi-

y does in Greenland ami in tho Antarctic continent,

the moisture of the air will fall as snow and not a^

a.->on why in those n

in the inioMl.- of summer. rain s. -l\n in fal

'ion being almost alway > in tin- form of Mi'm,

ry season tin- lir-

Ls often as great as in In lia. \V. iv thr ^HMW an-1 i-y

(loological Magazine" for January, 1880, p. 1 -



REPLY TO CRITICS. 41

mantle removed a snow-shower hi summer would be as

rare a phenomenon in those regions as it would be in

the south of England.

Second. ' The rays which fall on snow and ice are

to a great extent reflected back into space. But those

that are not reflected, but absorbed, do not raise the

temperature, for they disappear in the mechanical work
of melting the ice.'

This reason is also regarded as absurd. The heat of

the sun during the perihelion summer would, he says,

suffice to melt the whole accumulation of winter snow
in three or four days.

'* The reader," he continues, "can

easily make a computation of the incredible reflecting

power of the snow and of the unexampled transparency
of the air required to keep the snow unmelted for three

OT four months." Incredible as it may appear to Prof.

Newcomb, J shall shortly show that a less amount
of snow than the equivalent of the two feet of ice which

he assumes does actually, in some places, defy the melt-

ing-power of a tropical sun But he misapprehends my
reasoning here also, by overlooking the more important
factor in the affair, namely, the keeping of the air in

the summer below the freezing-point. The direct effect

that this has in preventing the sun from melting the

snow and ice will be discussed shortly; but the point
to which I wish at present to direct special attention

is the fact that if the air is kept below, or even at the

freezing-point, snow will fall and not rain Snow is a

good reflector of heat; consequently a large portion of

the sun's rays falling on the snow and icy surface is

reflected back into space. The aqueous vapour of the

air, on the other hand, as the vibrations of its molecules

agree in period with those of the snow and ice, cuts off a

large portion of the heat radiated by the snow surface;

but here in the case of reflection under considera-



DUOUSSiOn IN CLIMATOLO'

tion the rays are not cut off; for the reflected rays are

of the same character as the in< \ s which pass
so freely through the aqueous vapour. Ami in i.

;

et

dng rays which are cted, hut

absorbed by the snow, they do not manage t< >

temperature of the snow abo. freezing-point

Consequently the air is kept b ondition most

favourable for the production of snow.

I'd. 'Snow and ice lower the temperature by
chilling the air and condensing the vapour into thick

fogs. The great strength of t imin^
sun in i. T, due to his nearness at that season, won 1-1, in

the lir>t
]

I to produce an increased amount of

evaporat i< m. Hut the presence of snow-clad moun tains

: i icy sea would chill the atmosphere and condense

apour into thick fogs. Tin.- thick f.^ s and cloudy

sky would effectually prevent the sun's rays from

reaching the earth, and the snow in consequence would

remain unmelted during tin- entire sumi:

On this Professor Newcomb's criticism is as follows:

"line he (Mr. Croll) says nothing about the latent

heat set free by the condensation, HT does he say
re the heat goes to which the nir mu>t

in order to be chilled. The task of arguing with a

itant who in one breath maintains th,-;-

transparency of the air is such that

from the snow pass freely into space, anl in th-

breath th I fogs effectually the rays

reaching the snow at all, is not free from

It he really supposes my meaning t . < air

is so transparent as to allow the incident and n

un to pass fi thout int^rmption
while at t time and in

>t transparent hut filled with dense fogs which
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effectually cut off the sun's rays and prevent them

from reaching the earth, then I do not wonder that he

should feel embarrassed in arguing with me. But if

he supposes my meaning to be, as it of course is, that

those two opposite conditions, existing at totally dif-

ferent times or in totally different places at the same

time, should lead to similar results, namely the cooling

of the air and consequent conservation of snow, then

there is no ground whatever for any embarrassment

about the matter.
'' We might therefore show," he states,

" that if the

snow, air, fog, or whatever throws back the rays of

the sun into space is so excellent a reflector of heat, it

is a correspondingly poor radiator; and the same fog
which will not be dissipated by the summer heat will

not be affected by the winter's cold, and will therefore

serve as a screen to prevent the radiation of heat from

the earth during the winter."

There are few points in connection with terrestrial

physics which appear to be so much misunderstood as

that of the influence of fogs on climate. One chief

cause of these misapprehensions is the somewhat com-

plex nature of the subject arising from the fact that

aqueous vapour acts so very differently under different

conditions. When the vapour exists in the air as an

invisible gas, we have often an intensely clear and

transparent sky, allowing the sun's rays to pass to the

ground with little or no interruption; and if the

surface of the ground be covered with snow, a large

portion of the incident rays are reflected back into

space without heating either the snow or the air.

The general effect of this loss of heat is, of course, to

lower the general temperature. But when this vapour
condenses into thick fogs it acts in a totally different

manner. The transparency to a great extent dis-
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appears, nn 1 t;i !'.._: th. -n cuts off the MB sand

previ : the gm
does in two diti.-r.-nt way-. Nt. Jt> w,

like the crystals of the snow, are good reflectors, and

pper surface of the mass of fog on which th-

fall acts as a reflector, throwing back a large portion
of tin i a\ into stellar space. The rest of

which are not reflected enter the fog and th- larger

portion of them are absorbed by it But it will bo

observed that by far the greater part of the absorp-

tion, if not nearly all of it, will take place in th. upper
half of the mass. This is a necessary result of a recog-
nised principle in radiant heat known as the

of the rays The deeper the rays penetrate into tin

fog the less will l>e the amount of heat absorb, d. If

the depth of the mass be groat, absorption will j.n-

bably entinly disappear before tl. M of tip-

ground i ill begin, of

radiate off tin- brat thus absorbed; but as it i

upper half of the nm^s which has r. <-, ivd tin' j-rin-

heat. tin- most of this brat will he

radiated upward into stellar space, and. lik the

ted heat, l..-t in n far I ; tin-

earth Is concerned. A portion will also be rad:

downward, SOinc <.f which may n-ach the ijn Mind, but

the greater portion will be reabsorbed in its passage

through the mass. We ha OJLS of <

the amount of h'-at which would thus be thrown off

into space by n and radiation, but it i

tainly great 1 think we may ncludr that in

places like South Georgia and Sandwich Land, when-

fogs prevail t<> nin_T .summer, one-half

at least of i

ground. A d \\ of MI: \\ less

i-tainly 1
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temperature of these places far below the freezing

point, were it not for a compensating cause to which

I shall now refer, viz. the heat "trapped" by the fog.

The fog, although it prevents a large portion of the

sun's heat from ever reaching a place, at the same time

prevents to a great extent that place from losing the

little heat which it does receive. In other words, it

acts as a screen preventing the loss of heat by radia-

tion into space. But the heat thus "
trapped

"
never

fully compensates for that not received, and a lowering
of temperature is always the result.

Had all those considerations been taken into account

by Professor Newcomb, Mr. Hill, Mr. Searles Wood
and others, they would have seen that I had by no

means over-estimated the powerful influence of fogs
in lowering the summer temperature.
The influence of fogs on the summer temperature is

a fact so well established by observation that it seems

strange that anyone should be found arguing against it.

Heat Evolved by Freezing. There is one objection

to which I may here refer, and which has been urged

by nearly all my critics. It is said, correctly enough,
that as water in freezing evolves just as much heat as

is required to melt it, there is on the whole no actual

loss of heat
;
that whatever heat may be absorbed in

the mechanical work of melting the snow, just as much
was evolved in the formation of the snow. Conse-

quently it is inferred, in so far as climate is concerned,

the one effect completely counterbalances the other.

This inference, sound as it may at first sight appear,
has been so well proved to be incorrect by Mr. Wallace

that I cannot do better than quote his words :

"In the act of freezing, no doubt water gives up
some of its heat to the surrounding air, but that air

still remains below the freezing -point, or freezing
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would not take place. The heat liberated 1 >

is therefore what may be termed low-grade heat

heat incapable of melting snow or ice
;
while the heat

absorbed while ice or snow is melting i> hij-h -grade

heat, such as is capable of melting snow and support-

'getable growth. Moreover, the low-grade
liberated in the formation of .snow Is usually liberated

up in the atmosphere, where it may be c.i

oft' liy winds to more southern latitudes; whi!

heat absorbed in melting the surface of snow and i<

is absorbed close to the earth, and is thus prevented
from warming the lower atmosphere which is in con-

tact with vegetation. The two phenomena, therefore,

by no means counterbalance or counteract each other,

as it is so constantly and illy a it 1 that

they do" ("Islan p. 140).

The Fundamental Misconception. I come now to a

misapprehension which more than any other has t-

to prevent a proper understanding of the causes which

lead to the conservation by snow. Whatever the ec-

centricity of the earth's orbit may be, the heat

from the sun during summer is more than sulHci. nt t<>

melt the snow of wint.-r. Consequently, it is assumed

no permanent accumulation of place.

Tli is objection, as expressed by Mr. Hill, is as follows:

reason to suppose that at present, in th-

more snow or ice is anywhriv
formed in wint r than is m< lt-d in summer. With

great- than now wouM !

received in winter, 1.-. tly as much
sumnp r. M<>re snow would therefore be formal in

the one half uch more
be melted in i r half. The ml:

umini r would exact!;. each

age of years no accu-
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mulation could begin. Primd facie, therefore, high

eccentricity will not account for glacial periods."
* In

the language of Prof. Newcomb, it is as follows:
"
During this perihelion summer, the amount of heat

received from the sun by every part of the northern

hemisphere would suffice to melt from four to six

inches of ice per day over its entire surface
;
that is,

it would suffice to melt the whole probable accumula-

tion in three or four days. The reader can easily

make a computation of the incredible reflecting power
of the snow and of the unexampled transparency of

the air required to keep the snow unmelted for three

or four months."

It is assumed in this objection that because the heat

received from the sun by an area is more than suffi-

cient to melt all the snow that falls on it, no permanent
accumulation of snow and ice can take place. It is

assumed that the quantity of snow and ice melted

must be proportional to the heat received. Suppose
that on a certain area a given amount of snow falls

annually. The amount of heat received from the sun

per annum is computed ;
and after the usual deduction

for that cut off by the atmosphere has been made, if

it be found that the quantity remaining is far more

than sufficient to melt the snow, it is then assumed

that the snow must be melted, and that no accumula-

tion of snow and ice year by year in this area is

possible. To one approaching this perplexing subject

for the first time, such an assumption looks very

plausible ;
but a little reflection will show that it is

most superficial. The assumption is at the very outset

totally opposed to known facts. Take the lofty peaks
of the Himalayas and Andes as an example. Few, I

suppose, would admit that at these great elevations as

*
"Geological Magazine," January, 1880, p. 12.
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i mull as 50 per cent of the sun's heat couM IKJ cut off.

But if 50 per cent, reaches the sno would be

sufficient to melt fifty feet of ice; an 1 tl i- no l<ul>t.

is more than ten times the quantity which actually

requires to be melted. Notwithstanding all this, the

snow is never melted, but remains permanent. Takr,

as another example, South Georgia, in the latitude <>f

England. Suppose we assume that one half of the

sun's heat is cut off by the clouds and fogs which

prevail to such an extent in that place, still tip-

remaining half would be sufficient to m It upwards
nf thirty lV'-t of ice, which is certainly more than the

equivalent of all the snow which falls; y-t this inland

is covered with snow and ice down almost to the sea-

shore during the whole y. u. frkc till another

example, that of Greenland. The quantity of heat

received between latitudes 60 and 80. which is that

of Greenland, is, according to Meech, one half that

ved at the equator; and were none cut off, it

would be sufficient to melt fifty feet of ice. The
annual precipitation on On -nland in tin- f>nn of

and rain, according to Dr. Rink, amounts to only
twrlve inches; and two inches of this he considers is

never melted, but is carried away in th< f.-nn of ir. -

bergs. Mr. Hill maintains* that, owing to the great
thickness of the air traversed by th. , s, and

>ss resulting t ip-eat obliquity of reflection,

the amount of heat reaching the ground would he

insufficient to melt more than >i\t.n t. . t of ice.

Supposing we admit thU

;an is actually i

The sun melts only t-n inch.->. notwith-tundii

fact that it 1 ower to n-lt rixtoao t

. ological Magazine," April, 18SO.
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In short, there is not a place on the face of the

globe where the amount of heat received from the sun
is not far more than sufficient to melt all the snow
which falls upon it. If it were true, as the objection

assumes, that the amount of snow melted is propor-
tional to the amount of heat received by the snow,
then there could be no such thing as perpetual snow.

The reason why the amount of snow and ice melted

is not necessarily proportional to the amount of heat

received is not far to seek. Before snow or ice will

melt, its temperature must be raised to the melting-

point. No amount of heat, however great, will induce

melting to begin unless the intensity of the heat be

sufficient to raise the temperature to the melting-point.

Keep the temperature of the snow below that point,

and, though the sun may shine upon it for countless

ages, it will still remain umnelted. It is easy to

understand how the snow on the lofty summits of the

Himalayas and the Andes never melts. According to

the observations made at Mount Whitney, to which

reference has already been made, the heat of even a

vertical sun would not be sufficient at these altitudes

to raise the temperature of the snow to near the melting-

point; and thus melting, under these 'conditions, is

impossible. The snow will evaporate, but it cannot

melt. But, owing to the frozen condition of the snow,

even evaporation will take place with extreme difficulty.

If the sun could manage to soften the snow-crystals
and bring them into a semi-fluid condition, evaporation

would, no doubt, go on rapidly ;
but this the rays of the

sun are unable to do; consequently we have only the

evaporation of a solid, which, of course, is necessarily

small.

It may here be observed that at low elevations, where

the snowfall is probably greater, and the amount of

6
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heat received even less, than at the summits, the

melts and disappears. Here, again, the intlm-nce of that

potent agent, aqueous vapour, comes into play. At

high elevations the air is dry, and all heat

radiated from the snow to pass into space ;
but at low

tions a very considerable amount of the la at

radiated from the snow is absorbed by the aqueous

vapour which it encounters in passing through the

atmosphere. A considerable portion of the heat thus

absorbed by the vapour is radiated back on tl MI\\ ;

but the heat thus radiated being of the same quality as

that which the snow itself radiates, is on this account.

absorbed by the snow. Little or none of it is reflected,

like that received from :i. The consequence is,

that the heat thus absorbed accumulates in the snow
till melting takes place. Were the amount of aqueous

vapour possessed by the atmosphere sufficiently dimin-

ished, perpetual snow would cover our globe down to

the sea-shore It is true that 1 1. warmer at the

lower than at the higher lev.-N, ami. l>y contact with

the snow, must tend to melt it more at the former than

at the latter position. But we must i r that the

warmer mainly in consequence of the int!

of aqueous vapour, and that, were the (juantity of

vapoi: amount in question, the difler-

>f temperature at positions would not be

great
But it may be urged, as a further ol.j.-cti.-n t

foregoing conclusion, that, as a matt, r of fact, on great

mountain-chains the snow-line i

on the side where the air is moist than on the opposite

is dry and arid as, for example, on the

t the Himalayas and on the eastern sil-

of the Andes, win-re the snow-line is 2000 or

3000 feet below that of the opposite or dry side.
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But this is owing to the fact that it is on the moist

side that by far the greatest amount of snow is preci-

pitated. The moist winds of the south-west monsoon

deposit their snow almost wholly on the southern side

of the Himalayas, and the south-east trades on the east

side of the Andes. Were the conditions in every

respect the same on both sides of these mountain-

ranges, with the exception only that the air on one

side was perfectly dry, allowing radiation from the

snow to pass without interruption into stellar space,

while on the other side the air was moist and full of

aqueous vapour absorbing the heat radiated from the

snow, the snow-line would in this case undoubtedly
descend to a lower level on the dry than on the moist

side. Melting would certainly take place at a greater
elevation on the moist than on the dry side; and this

is what would mainly determine the position of the

snow-line.

The annual precipitation on Greenland, as we have

seen, is very small, scarcely one-half that of the driest

parts of Great Britain. This region is covered with

snow and ice, not because the quantity of snow falling

on it is great, but because the quantity melted is small
;

and the reason why the snow does not melt is not that

the amount of heat received during the year is unequal
to the work of melting the ice, but that, mainly through
the dryness of the air, the snow is prevented from rising

to the melting-point. The very cause which prevents a

heavy snowfall protects the little which does fall from

disappearing. The same remarks apply to the Ant-

arctic regions.

In South Georgia and Fuego,where clouds and dense

fogs prevail during nearly the whole year, the per-

manent snow and ice are due to a different cause.

Here the snowfall is great, and the amount of heat cut
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off enormous
;

l.ut this alone would not account for

the non-disappearance of the snow and kv
; for, not-

withstanding this, the heat ; i> o-rtuinly more

than sufficient to melt all the snow which falN, great
as that amount may be. The real cause is th.-.

heat received is not sufficiently intense to iai>- tin;

temperature to the melting-point. More heat is actu-

ally received by the snow than is iv.juiivd t>

it it is dissipated and lost before it can manage
to raise the temperature of the snow to the melting-

point; consequently the snow is not melted. II :

falls in th- v-ry middle of summer; but snow
would not fall unless the temperature were near tin-

freezing-point.

Foregoing principles applied to the case of the Glacial

Epoch. Let us now apply the foregoing principles to

the case of the glacial epoch. As winter then occunvd
in aphelion during a high state of that

season would be much longer and colder than at pre-
sent. Snow in temperate regions would then fall in

place of rain; and although the snowfall during the

winter might not be great, yet, a

I be far below the freezing-point, what fill would

not melt As heat, w hid i produces evaporation, is just
as essential to the accumulation of snow and ice as is

cold, which produces condensation, after the sun had

passed the vernal equinox and suimn.-i- was

ing, the consequent rise of t< >m\
>. -ratnre would be

accompanied by an increase in t: .:!. A m< -kin^
" snow would also begin : l.ut it would t>e a

considerable time before th- amount imlt.d would

equal the daily amount of snow falling. Rain, alter-

-.vould prol.aMy iv>ult; and,

for some time before midsuinn would cease

and give place entirely to rain. Melting would
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go on rapidly, and by the end of the summer the snow
would all disappear except on high mountain-summits

such as those of Scotland, Wales, and Scandinavia.

Before the end of autumn, however, it would again

begin to fall. Next year would bring a repetition of

the same process, with this difference, however, that

the snow-line would descend to a lower level than in

the previous year. Year by year the snow-line would

continue to descend till all the high grounds became

covered with permanent snow.

It would not require a very great amount of change
from the present condition of things to bring about

such a result. A simple lowering of the temperature,
which would secure that snow, instead of rain, should

fall for six or eight months in the year, would suffice
;

and this would follow as a necessary result from an

increase of eccentricity. Now, if all our mountain-

summits were covered with permanent snow down to

a considerable distance, the valleys would soon become

filled with local glaciers. In such a case we should

then have more than one-half of Scotland, a large part
of the north of England and Wales, with nearly the

whole of Norway, covered with snow and ice. Here a

new and powerful agent would come into operation
which would greatly hasten on a glacial condition of

things. This large snow-and-ice-covered surface would

tend to condense the vapour into snow. It would,

during summer, chill the air and produce dense and

continued fogs, cutting off the sun's rays, and leading to

a state of things approaching to that of South Georgia,

which would much retard the melting of the snow.

It is a great mistake, as I have repeatedly shown,

to suppose that the perihelion summers of the glacial

epoch could be hot. No snow-and-ice-covered continent

can enjoy a hot summer. This is clearly shown by the
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present condition of Qrccnland. Were it not for the

ice, the summers of North Greenland, owing to th*

tinuance of the sun above the horizon,would be as warm
as those of England; but, instead of this, the (In-.-nland

summers are colder than our winters, and snow during
that season falls more or less nine days out of ten. But
were the ice-covering removed, a snow-shower during
summer would be as great a rarity as it would }>< \\ it h

us. On the other hand, were India coven ! with an

ice-si. ummers of that place would be colder

than those of England.
When the high grounds of Scotland and Scandina\ in,

with those of the northern parts of America, became
covered with snow and ice, and the eccentricity went

on increasing, a diminution of the Gulf Stream, and a

host of other physical agencies, all tending towai

glacial condition of things, would be brought into

operation. This would ultimately and inrvital.lv lead

to a general state of glaciation, without the aid of any
of those additional geographical changes of land and

water which some have supposed.
The Mutual Reaction of the Physi' ta

Those who think that th.- a-, ncirs to whir i

w-.ulil not by themselves bring about a glacial con-

dition appear to overlook a most important and

instance regarding tln-ir mode of

operation, to which I have frequently alluded in

aate and i 1--77) and other places. The
: instance i The physical agencies in ques-
:iot only all lead to one result, viz. an accumulation

of snow and ice, 1

this result is actually str- 1 ly their mutual

reaction on one another. In ]>hy>ies t! reacts

he cause. :ty and magnetism, f

ample, cause and eliVct in almost every case mutually
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act and react upon each other
;
but the reaction of the

effect tends to weaken the cause. Those physical

agents to which I have referred, no doubt, in their

mutual actions and reactions, obey the same law
;
but

in reference to one particular result, viz. the accumu-

lation and conservation of snow, those mutual reactions

strengthen one another. This is not reasoning in a

circle, as Mr. Searles Wood supposes ;
for the reaction

of an effect may on the whole weaken the cause, and

yet in regard to a particular result it may strengthen
it. In the case under consideration the agents not

only act in one direction, but their efficiency in acting
in that one direction is strengthened by their mutual

reactions. This curious circumstance throws a flood

of light on the causes which tended to bring about the

glacial epoch.
To begin with, we have a high state of eccen-

tricity. This leads to long and cold winters. The

cold leads to snow; and although heat is given out in

the formation of the snow, yet the final result is that

the snow intensifies the cold: it cools the air and leads

to still more snow. The cold and snow bring a third

agent into play fogs, which act still in the same

direction. The fogs intercept the sun's rays ;
this

interception of the rays diminishes the melting-power
of the sun, and so increases the accumulation. As the

snow and ice continue to accumulate, more and more
of the rays are cut off; and, on the other hand, as the

rays continue to be cut off, the rate of accumulation

increases, because the quantity of snow and ice melted

becomes thus annually less and less. In addition, the

loss of the rays cut off by the fogs lowers the tempera-
ture of the air and leads to more snow being formed,

while, again, the snow thus formed chills the air

still more and increases the fogs. Again, during the
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winters of a glacial epoch, the earth would be r.

ing its heat into space. Had this loss of heat simply
: '>d the temperature, the lowering of the tempera-

tuiv \\oiild hn\v t-nd.-d to diminish the rate of loss;

1'Ut the result is the formation of snow rather than

the lowering of the temperature.

Further, as snow and ice accumulate one

-phere they diminish on the other. This in-

creases the strength of the trade-winds <>n the cold

phere and weak- mi. Tho

effect of this is to impel the warm water of tli> t \

more to the warm hemisphere than to the

Suppose the northern hemisphere to be the cold

then, as the snow and ice begin gradually to

accumulate, the ocean hi of that hfinispnere,
more particularly the Gulf Stream, begin to decrease

mn', while those on the southern or warm ln-mi-

sphere begin pari passu to increase.* Tins withdrawal

of heat from the northern hemisphere favours the ac-

cumulation of snow and ice; and as the snow and i<-.>

accumulate the ocean currents decrease. On the

hand, as the ocean currents dimini .v and i

still more accumulate. Thus khetwo ffects, in so far

Prof. Dana has shown that in North America those area* which

at present hare the greatest rainfall are, as a rule, the area-

were most glaciated daring the glacial epoch. Mr. Sear!

("GeoL Mag.," July, 1883) maintains that this fact is inconsistent

he theory that the glacial period was due to the cause t >

I attribute it. I am totally unable to comprehend how he arrives at

this conclusion. Supposing the Gulf Stream, as I have maintained,
were greatly diminished during the glacial period, still I think it

would follow, other things being equal, that the areas

hare the greatest rainfall wouM during that period probably hare

the greatest snowfall, and consequently the greatest accumul .

ioe. The amount of precipitation might be less than at present ; but

this would not prevent the areas which had the greatest snowfall

from being most covered with Ioe.
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as the accumulation of snow and ice is concerned,

mutually strengthen each other.

The same process of mutual action and reaction

takes place among the agencies in operation on the

warm hemisphere; only the result produced is dia-

metrically opposite to that produced in the cold

hemisphere. On this warm hemisphere action and

reaction tend to raise the mean temperature and

diminish the quantity of snow and ice existing in

temperate and polar regions.
The primary cause of all these physical agencies

being set in operation is a high state of eccentricity
of the earth's orbit

;
and with a continuance of that

state a glacial epoch becomes inevitable.

The Explanation begins with Winter. Mr. Hill

asks why I always begin in my explanation with the

aphelion winter rather than with the perihelion sum-

mer. The reason is that the character of the summer
is determined by that of the winter, and not the winter

by that of the summer. It is true that, to a certain

extent, the influence is mutual
;
but the effect of the

summer on the winter is trifling in comparison with

that of the winter on the summer. To begin our

explanation with the summer would be like beginning
at the end of a story and telling it backward.

M. Woeikof on the Cause of Glaciation. In an
article by A. Woeikof on "

Glaciers and Glacial Periods

in their Relations to Climate
"

(" Nature," March 2nd,

1882), it is maintained that the chief cause which leads

to the formation f snow, and consequently to a glacial

condition, is a low surface-temperature of the sea sur-

rounding or adjoining the land. When the surface-

temperature of the water much exceeds the freezing-

point, the vapour, he says, evaporated from the sea

and condensed on the land will be rain and not snow
;
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l.ut when the temperature of the water is near the

freezing-point, snow will be the result. A diminution,

for example, in the heat brougl ( Julf S:

that would very greatly lou Miperature
of the sea surrounding Great Britain would, he

bring about a heavy snowfall, and lead to permanent
snow and ice. Again, he maintains,

" As there is no

reason to suppose that the surface-temperature of tin;

sea would be lower during winter in aphelion and high

eccentricity, it follows that there will not be more

snow than now in countries where ruin is th-> rule,

i in winter, all other things equal."
There is surely a fallacy lurking under this theory

of M. Woeikof. Snow instead of rain is not, as ho

supposes, owing to the low temperature of the I

from which the vapour '-d, but to tin- I"W tem-

perature of the air where the vapour i tated.

Of course, when the surface of the sea is near the

ing-point, the air over the sea and the adjoining
land is usually also not far from the 1 jxnnt,

and consequently the precipitation is more likely to

be snow than rain. If the air be cold, : rally

is over a snow- and ice-co -intry. a hi-h t-m-

perature of the adjoining seas, were this po-
would greatly increase the snowfal 1

it would

!y augment the quantity of vapour which would

be available for snow.



CHAPTER IV.

OBJECTION THAT THE AIR AT THE EQUATOR IS NOT
HOTTER IN JANUARY THAN IN JULY.

Influence of the present distribution of Land and Water. The
Summer of the Southern Hemisphere colder than that of the

Northern. Influence of the Trade Winds on the Temperature
of the Equator.

THE fact that the temperature of the equator in

January, when the earth is in perihelion, is not higher
than in July, when in aphelion, has been urged as an

objection to the Physical Theory. When we examine,

however, the reason of this apparently curious circum-

stance, we find that there is certainly no real grounds
for the objection.

The temperature referred to is, of course, the

ordinary temperature as indicated by the shade

thermometer, which is simply that of the air. The

objection is more apparent than real
;

for if we
examine the indirect results which follow from the

present distribution of land and water, we shall see

that there is no reason whatever why the air at the

equator should be hotter in January than in July.

It is well known that, notwithstanding the nearness

of the sun in January, the influence of the present

distribution of land and water is sufficient to make
the mean temperature of the whole earth, or, what is

the same, the mean temperature of the air over the

surface of the earth higher in July than in January.
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The reason of this is obvious. Nearly all tl- 1

in the northern hemisphere, while the sou:

hemisphere is for the most part water. The surface

of the northern or land-hemisphere, for reasons whu-h

have been discussed in the last chapter, becomes

heated in summer and cooled in winter to a far greater
extent than the surface of the southern or water

hemisphere. Consequently, when we add the July or

midsummer temperature of the northern to the- July

temperature of the southern hemisphere, we must get
a higher number than when we add the Janua

midwinter temperature of the former to the January

temperature of the latter. For example, the mean

July temperature of the northern hemisphere,

according to Dove ("Distribution of Heat on tin-

Surface of the Globe") is 70*'9, and that of the

southern hemisphere n.T'G
;
add the two together and

we have 124v>, which gives a mean for both h mi-

spheres of 62*3. The mean January temper;: t

hemisphere is 48'9, which, added to

59*5, the mean January temperature of the south- m
hemisphere, gives only 108*4, or a mean of 54'2.

Consequently the air over the surface of the globe is

hotter in July by 8 than in January, notwithstanding
the effects of eccentricity. It is obvious that, were it

not for the counteracting effects of eccentricity, the

difference would be much greater. Ten th>u

ago, when eccentricity and the distribution of land

and water combined to produce the sam.- elf, -ct, the

rence must have been far greater than 8.

But it will IK.- n^k.d. H<>\\ can tlii> nll'.-et tin- air

equator, which is not m>re <n the

liomisphere than on the other? It thai

those causes 1m > hut littl on the air at

the equat |

have a very powerful
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influence. The air is continually flowing in to the

equatorial regions from both hemispheres. In fact,

the air which we find there is derived entirely from

the temperate regions. In July we have the northern

trades coming from a hemisphere with a mean tem-

perature as high as 70'9, and the southern trades

coming from a hemisphere with a mean temperature
not under 53, while in January the former trades

flow from a hemisphere as low as 50, and the latter

from a hemisphere no higher than 60. Consequently,
the air which the equatorial regions received from the

trades must have a higher temperature in July than

in January, The northern is the dominant hemisphere ;

it pours in hot air in July and cold air in January,
and this effect is not counterbalanced by the air from

the opposite hemisphere. The mean temperature of

the air passing into the equatorial regions ought,

therefore, to be much higher in July than in January,
and this it no doubt would be were it not, let it be

observed, for the counteracting effects of eccentricity.

The tendency of the present distribution of land and

water, when our northern winter occurs in perihelion,

is to counteract the effects of eccentricity. But ten

thousand years ago, when our winters were in

aphelion, that cause would co-operate to intensify
the effects of eccentricity. In fact, it would actually
more than double the effects then produced by
eccentricity. Now if the influence of the present
distribution of land and water is so great as not

merely to counteract but to reverse the effects of

eccentricity to the extent of making the mean tem-

perature of the earth 8 warmer in July than in

January, it is not surprising that it should be sufficient

to make the equatorial regions at least as warm in

the former as in the latter period.
7
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The fact that the equator at ot hotter

when the earth is in perihelion. iiLstead of being an

objection to the theory that the glacial period was due

to an increase of eccentricity, as is supposed by some,

i^ in reality another strong argument in its favour.

for it shows that a much less amount of eccentrieity

would suffice to induce a commencement of glacial

conditions in the northern hemisphere than would

:\vise be required, were it not for the (inclin-

es to which reference has been made. This

objection, like many others which have l

against the theory, arises from looking too exclusively

at the <1l reel effects of eccentricity.

There is another cause which must also tend to

lower the January and raise the July teinperatur. of

the equator, vi/., the northern trades pass farther south

in January than in July, and cons. -<pi, -ntly cool the

equatorial regions more during the fonm r than the

latter season. This general tendency of the tra- i

r the temperature of the equatorial regions more
in January than in July is, of course, subject to inodi-

i the monsoon >, the rainy seasons, and

local causes ; < less so long as the present
di>tril>ution of land and water endures, so long will

ty have a counteracting effect upon the t-m-

the equator, which l.tit fur that

would be hott.-r in July than in January.
No knowl. as to the intensity of the

sun's heat can be obtained from < MS on tin-

temperature of the air at the equator. The compara-

tivrly cold air flowing in from tlu- temperate r<

has not time to be fully heated by the sun's rays
before it rises as an ascending current and r. hi

mpcrate regions from when. More

than : trades \>r>
\--nt n> hoa In-in^ i]
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determine with accuracy the intensity of the sun's

heat from the temperature of the ground ;
for the

surface of the ground in equatorial regions is kept at

a much lower temperature by the air blowing over it

than is due to the intensity of the sun's heat. It thus

becomes a very intricate problem to determine how
much the surface of the ground is kept below the

maximum temperature by the heat absorbed by the

moving air.



CHAPTER V.

Tin: ICE OF GREENLAND AND THE ANTARCTIC CONTINENT

NOT DUE TO ELEVATION OF THE LAND.

Greenland; attempt* to Penetrate into tin- Interior. No M-

Ranges in the Interior. The rcenland. Ant

Region*. Character of the Icebergs. Sir Joseph Dalton Hooker
and Professor Shaler on the Antarctic Ice. On the Argument
against the Existence of a South-Polar Ice-Cap. Thickness of

Ice not dependent on Amount of Snowfall

BEFORE proceeding to an examination od

modifications of the Physical Theory which ha\i-

itly been advanced, it will be necessary to d

resent chapter to the consideration of some
j
mints

connected with the physical conditions of the ice of

Greenland and the Antarctic regions.

The only two continents on the globe covered 1 >v

permanent ice and snow are Greenland and the

Antarctic. But are these continents to be reg
as Highlands or as Lowlands? It is an opinion hcl< 1 I >y

many that these regions are gr. , and that

\ving to this elevation that th-y ;
I

COmpk-t'-ly l-uri.'d undi-r Left I bsW U-rii wholly
unable to find for any such conclusion, hi,

of course true that, in regard to (Jr. nlan-1 nt

obtervations of Kink, Heyes, Nordenskjold. .1.

Brown, and otli'i--. N!KI\V that tin- u; 'ace of the.

inland ice is greatly 1 alove the .sea-l-v ( 1.

F)r. Kink, fr example, stat n of this

icy plain, at its junction with the outskirts of th<-
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country where it begins to lower itself through the

valleys, in the ramifications of the Bay of Omenak is

about 2000 feet, from which it gradually rises towards

the interior. Nordenskjold, in his first journey on the

inland ice, 30 miles from the coast, reached an eleva-

tion of 2200 feet, and found the ice continued to rise

inwards. Hayes, who penetrated 50 miles into the

interior, found the elevation about 5000 feet, and still

continuing to slope upwards towards the interior of

the continent.

The mystery of the interior of Greenland has at last

been cleared up by Baron Nordenskjold in his recent

expedition It was found, as might have been expected,
that the interior of Greenland is a complete desert of

ice, with the icy plain gradually sloping upwards
towards the ice-shed or centre of dispersion. After

penetrating to a distance of 280 miles from the coast,

the surface of the icy plain was found to be no less

than 7000 feet above the sea-level
;
and this plain was

still seen to rise to the east. The greater part of the

surface of the inland ice is, of course, far above the

snow-line; but this by no means proves that Greenland

is an elevated country, for this elevation of the upper
surface of the ice may be due entirely to the thickness

of the sheet.

Of all the results gained by Nordenskjold's famous

expedition, perhaps the most important is the con-

firmation it has afforded of the true nature of

continental ice.

Certainly no one has ever seen, and probably no one

ever will see, elevated land under the ice either of

Greenland or the Antarctic continent; and to assume

its existence because those regions are so completely

glaciated would simply be to beg the very question

at issue.
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Jt will doubtless be urged that, although the ground
under the ice may not be elevated, yet ;

i;iy be

lofty mountain-chains in the might
account for the origin of the ice. We \ think,

good grounds for concluding that if there are mountain-

ranges in the interior of Greenland (of which tl

absolutely no proof, although one or two isolated peaks
have been seen), they must be wholly 1 uri ,1 un.i

ice. For, if mountain-masses rise above tin icy mantle,

there ought to be evidence of this in the form of 1 >r< >km
rock, stones, earth, and other moraine matter lying on
tli.- inland ice. "But as soon as we leav. t

diate vicinity of the coast," says Dr. Brown,"no moraine

is seen coming over the inland ice : no living ere.

animal or plant, except a minute alga." And Baron

Nordenskjold in his recent expedition ov. r tin- i

ice says, "After a journey of about half a kilom. in-

from the ice border no stone was found rfaco,

not even one as large as a pin's point e u!d n< .t

possibly be the case if ranges of mountains rose above

the general ice-covering. These mountain-ran-

they exist, ore doubtless covered with snow, and ;

sides with gln< la would i

of broken rock and stones from rolling down upon the

inland i< *
. In fact, it would 1 ;>osito

result; for glaciers would be one of the most

agents po Bringing down >uch material, and it

no avalanche of snow could t

wit Imut carrying along with it masses of stone-

ruM.ish. All these mat lit down from the

sides of the projecting peaks would be d
;

inland i. pried alonir with it in

D fp'm t
1 and

rould not fail to be observed did

fact that no such thing is ever seen is conclu>ive
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proof that these supposed projecting mountain-ranges
do not exist.

But it may still be urged that the absence of moraine

matter on the surface of the inland ice is not sufficient

evidence that they do not exist
;
for as this material

from the interior would have to travel hundreds of

miles before reaching the outskirts, a journey occupy-

ing a period of many years, the stones would become
buried under the successive layers of ice formed on the

surface during their passage outwards. But suppos-

ing this were the case, these buried moraines, if they
existed, ought to be seen projecting from the edge of

the sheet at places where icebergs break off, and also

on the edges of the icebergs themselves near their

tops ;
but such, I presume, is never the case. Further,

as the inland ice has to force its way through the

comparatively narrow fjords before reaching the sea,

the moraines could not fail to be occasionally observed

did they exist.

But supposing there were mountains in the interior,

this would not account for the general ice-covering. It

would not account for the intervening spaces between
the mountains being filled up with ice. To account

for the whole country being covered with ice through
the influence of mountains, we should have to assume

that it was studded over with them at no great dis-

tance from one another
; otherwise, all that we should

have would simply be local glaciers.

Dr. Robert Brown, one of the highest authorities in

matters relating to Greenland, who does not believe in

the existence of mountain-masses in the interior, says :

"
I do not think a range of mountains at all neces-

sary for the formation of this huge mer de glace, for

this idea is derived from the Alpine and other mountain

ranges, where the glacial system is a petty affair com-
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pared with that of Greenland. I look upon Greenland ,

"

he continues, "and its interior ice-hYld in tin- light of

a broad-lipped shallow vessel, but with breaks in th-

lip here and there, and the glacier lik some viscous

i in it As more is poured in, the visc<

will run over the edges, naturally taking the line of

the chinks as its line of outflow. The broad lips of

the vessel, in my homely simile, are the outlying
islands or 'outskirts': the viscous matter in the vessel,

tin inland ice; the additional matter continually being

poured in. the enormous snow-cove ri HIT, which, wint-T

winter, for seven or eight months in the year,
falls almost continuously on it; and the chin'

breaks in the vessel are the fjords or valleys down
w 1 1 i i-h the glaciers, represei r

_C
v iscous

matter, empty the surplus of the vessel." *

In North Greenland and along Smith S.unl a warm
south-east wind, somewhat similar to tli. /'.An of

Switzerland, has been reported in th- ini<Mle of

Krom this it has been infVrn-d l.y sum.- that

roast be high ranges of mountains in tin- int.-ri'-r

which this wind descends. T

certainly no good grounds for such a c n
;
for

the upper surface of the inland ice of

North Greenland, 50 or 100 mil.-s frm the outskirts.

has an elevation of at least 4000 or 50<" Now,
1 cros^in^ this icy plat.-au anl d.-^vndini: to the

Sea level WOtiM have it d l.y upwards
and also its capacity for moi>tur* at th<> same

tiin.- Lrivutly increased. Tlie con would there-

fore 1 :i th- mid-t of a Greenland wint.T, such

1 wmild tjo felt to IKJ hot and dry.
; was expressed by Gi ffho l"n-

resided in (Jn-.-nland, that that country is in.Tely a

Tapen for the Expedition of 1ST
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collection of islands fused together by ice. This opinion
is concurred in by Dr. Brown, who says that "most

likely it will be found that Greenland will end in a

broken series of islands forming a Polar archipelago.
That the continent (?) is itself a series of such islands

and islets consolidated by means of the inland ice I

have already shown to be highly probable, if not abso-

lutely certain, as Giesecke and Scoresby affirmed." It

has long been a belief that several of the west-coast

fjords cut through Greenland from sea to sea in

short, that they are simply straits filled up with ice.

The important bearing that this island-condition of

Greenland has on the explanation of the warm inter-

glacial periods of that country will be shown in a

future chapter.
Antarctic Regions. It need hardly be remarked,

that what has been stated as to the total absence of

proof that Greenland possesses elevated plateaus and

ranges of lofty mountains holds in a still more marked

degree in reference to the Antarctic continent. Here
is a region nearly 3000 miles across, buried under ice,

on which the foot of man never trod. There is not the

shadow of a basis for concluding that the interior of

this immense region is, under the ice, greatly elevated,
or that it possesses lofty mountain-ranges. The

probability seems rather to be that, like Greenland,
the area, as Sir Wyville Thomson supposes, consists of

comparatively low dismembered land or groups of

islands bound together by a continuous sheet of ice.
" We have no evidence," says Sir Wyville,

" that this

space, which includes an area of about 4,500,000 square
miles, nearly double that of Australia, is continuous

land. The presumption would seem rather to be that

it is at all events greatly broken up ;
a large portion

of it probably consisting of groups of low islands
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united and combined by an extension of the icc-

" Various patches of Antarctic lanl," he r

"are now known with certainty, most of th -m bataMB
the parallels of 65 and 70 S.; most of these are com-

paratively low, their height, including the thickness of

their ice-covering, rarely exceeding 2000 to 3000

The exceptions to this rule are Victoria Land an<l the

volcanic chain, stretching from Balleny Islam 1 to

latitude 78 S.; and a group of land between 55 and

95 west longitude, im-hiding Peter the Great Island.

Alexander Island, Graham Land, Adelaide Island, and
Louis Philippe Land. The remaining Antarctic land,

including Adelie Land, Clairie Land, Sabrina Land,
K. nip Land, and Enderby Land, nowhere rises to any
great height"*

There is another class of facts which shows still i

conclusively the probably low flat nature of most of the

Antarctic regions. I refer to the character of the great
ice-barrier, and the bergs which break off from it. Th<

icebergs of the southern ocean are almost nil of tin-

tabular form, and tin -ir Mirface is
] l.-v.-l, and

parallel with th<> surface of the sea. The icebergs are

all stratified; the stratifications running parallel with

the surface of the berg. The stratiti, 1 1

call th. in, are separated from each othn- l.y a w.ll-

markcd blue band. These blue lines or 1 ..:

11.- Thou,, ,,n ivmarks, are the sections of sli.-.-ts

vhite intcTv.'nini; -j.ao^ tween
th.-m are the sections of lay. r> ..f ice where the parti-
cles are n- h close contact an.l pmlml.ly C'-nt-iin

some air. The blue bands, as Sir \\yvillo suggests,

probal.lv n present portions of the sn..\v MH f.u-. \\hich

lecture on Antarctic Region*" (Collin*, GUagow, 1877);
44
Nature," rol. rr.
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during the heat of summer becomes partially melted

and refrozen into compact ice; while the intervening
white portions represent the snow of the greater part
of the year, which of course would become converted

into ice without ever being actually melted. It is,

therefore, more than probable that each bed with its

corresponding blue band may represent the formation

of one year. Judging from the number of these layers
in an iceberg, some of these bergs must be of immense

age, occupying a period probably of several thousand

years in their formation. And as the ice is in a con-

stant state of motion outwards from the centre of

dispersion probably the South Pole the bergs before

becoming detached from their parent mass must have

traversed a distance of hundreds of miles.

The fact that these bergs must have travelled from

great distances in the interior is further evident from

the following consideration. The distance between the

well-marked blue lines is greatest near the top of the

berg, where it may be a foot or more, and becomes less

and less as we descend, until, near the surface of the

water, it is not more than two or three inches. This

diminution in the thickness of the ice-strata from the

top downwards has been considered by Sir \Vyville to

be mainly due to two causes compression, and melting
of the ice, particularly the latter. But in my paper on

the Antarctic Ice ("Quart. Journ. of Science," Jan. 1879)
I have shown that, although compression and melting

may have had something to do in the matter, this

thinning of the strata from the top downwards is a

necessary physical consequence of continental ice

radiating from a centre of dispersion. Assuming the

South Pole to be this centre, a layer which in, say,

latitude 85 covers 1 square foot of surface will, on

reaching latitude 80, cover 2 square feet; at latitude



72 DISCUSSIONS IN CLIMATOLOGY.

70 it will occupy 4 square feet, and at latitude 60 the

space cover* <1 will be 6 square feet. Then, if th<

was 1 foot thick at latitude 85, it would be only 6

k at latitude SO"', 3 inches thi

70, and 2 inches at latitude 60. Had the squar.-

foot of ice come from latitude 89 it would

:o feet by the time it reached latitude GO", and

ickness would be reduced to v
'
v of a foot, or ] of

un inch.

Now, the lower the layer the older it is, and the

greater the distance which it has travelled. A !

near the bottom may have been travelling from the

Pole for the past 10,000 or 15,000 years, whereas a

layer near the top may perhaps not be 20 years old,

and may not have travelled the <1 "fa mile.

Tin- ice at the bottom of a berg may have come from

near the Pole, whereas the ice at the top may not hnve

travelled 100 yards.
There is still another consideration which must be

taken into account. It is tins: the icebergs all seem

to bear the mark of their original structur*

horizontal cations appear also never to have

been materially altered in their passage from the

ifl fact seems to have struck Sir Wyville

y I never saw," he says, "a sin-1. instance

from the horiz<> >\ nm.

which c..nld in any way be r-

rial structure, which could not, in fact, be at once

accounted for by changes which we had an opportunity
of observing taking place in the icel>< r^. There was

not, so far as we could see, in any ic- !< -rg the slightest

trace of st ru -tun- stamped i. IM in pai^gdown
or <luring its passage < -/iw/w

or any or n land. Tin-' icture,

i-t the para! -, wliich v..- ever
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observed which could be regarded as bearing upon the

mode of original formation of the ice-mass, was an

occasional local thinning-out of some of the layers

and thickening of others just such an appearance
as might be expected to result from the occasional

drifting of large beds of snow before they have time

to become consolidated."

There cannot, I think, be the shadow of a doubt

that these thin horizontal bands of clear blue ice, with

their less dense and white intervening beds, are the

original structure of the bergs. And it is evident

that, if the ice had crossed mountain-ridges, valleys,

or other obstructions in the course of its journey from

the interior, these beds could not have avoided being

crushed, fractured, broken up, and mixed together.

Had this happened, it would have been physically

impossible that they could ever have been restored

to their old positions. Ice is, no doubt, plastic, and

pressure, along with motion, might perhaps induce

fresh lines of stratification
;
but neither motion nor

pressure could have selected broken blue bands from

among the white and placed them in their old

positions.

Why the icebergs from Greenland are not of the

tabular form, and stratified like those of the Antarctic

regions, is doubtless owing to the fact that the

Greenland ice is discharged through narrow fjords,

which completely destroy the original horizontal

stratifications.

Let us now see the consequence to which the fore-

going considerations all lead. The tabular form and

Bat-topped character of the icebergs, with their per-

fectly horizontal bedding, show that they have been

formed on a flat and even surface. They show also

that this flat surface is not a mere local condition, but
8
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that it must be the general character of the Antarctic

land; for all, or nc.u-ly all, of the bergs are of this

tabular form. Again, the unaltered character of tip-

stratifications of the bergs she* re can be

no great mountain-ranges, or even much rou^h
uneven ground, in tin* interior; for if t!

bergs in their passage outwards would have had to

pass over it; and this they could not ha\ e <1 ai. and

still have retained, as they actually ha\ !><>ri-

zontal stratification undisturbed. Thes, ^s, as

we have seen, mu traversed in their out ward

motion, before being disconnected with -heet,

a distance of hundreds of miles ; yet none of them

bears the marks of having passed down or across a

valley, or even over roches moutonntes.

That the Antarctic continent has a flat and

surface, the character of the icebergs ^how> 1

dispute. But this, it will be urged, does not prove
that this surface may not be greatly ]<-\atd. in

other words, that it may not be a flat elevated plat. HU.

of course, is true; but it ntly far m>iv

y that th: !y MOO miles across, should

consist of flat, dismembered land, or groups of low

Islands separated and surrounded by shallow seas,

than that it should consist of a l"itv plateau without

rith r hilK, valleys, or mountain-ridges. In this case

t the greater part of the Antarctic ice-cap
rests on land actually below aca-l.-\. 1. \i/. , n the floor

<w seat surroun<linur those reaps,
\V,- i h a c..iidition of things was actually

Jtstj in regard to the great ice-sheet of North-

western Europe during the glacial epoch. A ^lan<

at the Chart of the ]>ath of the ic-.- -i\.-n in 'Climate

and Tin. lltt r.-j.r.luc.-d in

vni. ol t'.- pntenl folom ', will riiow that
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the larger portion of the sheet rested on the bed of

the Baltic, German Ocean, and the seas around Great

Britain and Ireland and the Orkney and Shetland

islands. That the Antarctic ice was formed on low

and flat land, bordered for considerable* distances by
shoal water, was the opinion also of Sir Wyville
Thomson.

Sir Joseph Dalton Hooker thinks that much of the

Antarctic ice-sheet, thousands of feet in thickness as

it is, was formed by the successive accumulations of

snow year by year on pack-ice. The snowfall in the

Antarctic regions he believes to be enormous both

during summer and winter; and as but a very small

portion of it melts, the accumulated snow is perfectly

sufficient to form such a sheet. He does not consider

that there is land enough in the south-polar area to

supply the astounding number and gigantic size of the

icebergs that float in the ocean between lat. 50 and 70.

If this theory be correct, and immense masses of the

ice are really afloat, we can easily understand how
the whole might, during a southern interglacial period,

be broken up, dispersed, and melted by an inflow of

equatorial water.

It is quite possible that the ice filling these seas may
have originated in pack-ice, which ultimately became
converted into a solid and continuous sheet by long

ages of successive snowfalls. As layer after layer,

converted into ice, was being heaped upon it year by
year, the mass would gradually sink until it rested on
the sea-bottom.* After this it would assume all the

characteristics of continental ice.

* In this opinion I am glad to find thu,t Sir Joseph to a certain

extent concurs, for in a letter to me on the subject he says: "I
cannot doubt but that the icebergs have originated from the ice of

the great southern barrier; and what I suspect is, that much of this
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A theory of the origin of the Antarctic ice, somcwlwt

similar to that of Sir Joseph Hooker, has been adv;,

by Professor Shalcr. In lii- ma_:Tiit'n-. nt work on

Glaciers, p. 31, he states his views as follows:
- When the snow-line touches the sea-levd it is

because the forces that take away the snow are no

longer sufficiently active to overcome the annual accu-

mulation. The existence of such an \ t n 1 1 1 i

leads necessarily to the formation, on the surface of

the land-locked seas of the circumpolar region, of very
thick ice. ... On the surface of this ice the

of each winter accumulate and help to increase the

ness of the mass. The ice-floes north of But I'm 's

Bay, and the straits and inlets that enter the Arctic Sea

from the north w; ml. contain a great deal of tlii

which has a thickness of more than 100 feet I n the sea

barrier-ice originated in pack-ice over very shallow bays, increased

by successive snowfalls. The quantity of snow that falla in summer
is enormous south of latitude 50 -60. Certainly it Ml on half the

days of each summer month during the three seasons wo PJ

those seas, and I think in one month snow fell crery day. There is

no summer melting of snow and ice in the Antarctic as there ii in tl>.

Arctic regions. It is the only region known to me where t.

perpetual snow on land at sea-level."

Now, if the snow which falls in the Antarctic regions at the sea-

level does not all melt, but some of it remains year by year

permanent ice formed at the sea-level, whether it be on frozen pack
or on the ground, must be a necessary consequence. If this be so, it

cannot be true, as Mr. Wallace affirms, that there is no permanent
ice formed but on high land.

Perpetual Smow at 4e Sea-Lewi in the. Arctic as wdl a in tke

Antarctic /?e^ioiw. Commander Julius Payer says,
" Franz-Josef

Land appears even in summer to be buried >< tual snow,

interrupted only where precipitous rock occurs." Hut, more than

this, all the smaller islands are completely covered with separate

ioe^heeto of their own.-"Austrian Arctic Voyage/ v, 1 . ., ,,,..83,84.

But supposing the snow were not perpetual, this

prevent, as will be shown in the next chapter, the formation of

ice.
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into which, or rather on to which, the Nares expedition

penetrated, the floe-ice seems to be in a fashion

impounded, so that it cannot escape freely to the

southern regions. In its prison it appears to continue

to drift and grow for ages, so that the name of Paleo-

chrystic Sea, or sea of ancient ice, given it by the

officers of the Nares expedition, is well deserved.

This mass seems, in fact, to be essentially a floating

n4v6, like that which covers Northern Greenland, in

everything save the peculiarities that come from its

formation on water. Its depth was not accurately

determined, but its perfect continuity and vast extent,

together with the great irregularities of its surface,

make it likely that it exceeds anything in the shape of

floe-ice found in the regions known to polar explorers.

It seems probable that the so-called Antarctic con-

tinent is nothing but an immense sheet of ice, such as

this Paleochrystic Sea would become if it were to

increase in depth until it fastened on the bottom of

the sea. Given a vast sheet of ice, wrapping the sur-

face of a circumpolar sea, supposing it to grow from

winter cold and snows more rapidly than the melting
of the water could remove it, the result would be that

the ice-sheet would in time cleave to the bottom of the

sea and become a true glacier, although any portion of

its bed was below the level of the water. In view of

the southward pointing of the southern continents, and

the gradual falling out of land towards the South Pole,

this seems to me to be a more likely hypothesis than

that which now finds expression in our geographies,
where the presence of eternal ice is taken as evidence

of a continental development of land in that region.

So far, I believe, we have no sufficient evidence of the

existence of any other surface than ice above the level

of the water in that so-called Antarctic continent."
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I have been informed by Ca r <1. i irk J. O.

llydrographer of the Admiralty, that, in the.

compilation of his most i ve and useful !<

Chart of the South Polar regions, he was struck with

the remarkable character of the ice foreshores of all

the parts of the Antarctic continent sighted by

voyagers, and of the undoubted occasional disruption

of hundreds or more miles of foreshore ice. The

ice, he believes, is evidently formed on compara-

tivi-ly low and level land, and is thrust out in a

continuous sheet into deep water, where it brenl

into bergs.

Assuming then, what seems thus probable, that the

Antarctic regions consists of low discontinuous lan<l,

it will help to explain, as will be shown in a future

chapter, the disappearance of the ice dur warm

interglacial periods of the southern hemisphere.
On the Argument against the Existence of a jS-

Polar Ice-cap. We have certainly no evidence that,

during even the severest part of the glacial epo<

ice-cap, like that advocated by Ag*rig and oth*

treme glacialists, ever existed at the North Pole
;

!

however, unable to admit with Mr. Alfn ! K. Wallace

that some such cap, though of smaller dimen-

not at present South Pole. Sp
the Antarctic ice-cap, Mr. Wallace says: "A similar

ice-cap is, however, believed to exist on the Ant.

Pole at the present day. We hown
that the production of any such ice-cap is impn.1ial.lo,

if not impossible; because snow and ice can only
nulate where ]>n -dpi ration is greater than in

evaporation, an- 1 i r the case e\o-pt in

areas exposed to the full int!

winds. The outer rim of the ice-sheet wouM in-\ itahly
exhaust the air of so much of
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reached the inner parts would produce far less snow

than would be melted by the long hot days of

summer."
This opinion, that the mass of ice is probably greatest

at the outer rim, which of course is most exposed to

moist winds, and that it gradually becomes less and

less as we proceed inwards till at last it disappears

altogether, is by no means an uncommon one.

It was to establish this conclusion that Professor

Nordenskjold's famous expedition over the ice of

Greenland was undertaken.

It by no means follows, as some might be apt to

suppose, that the ice must be thickest where the

snowfall is greatest. In the case of continental ice,

the greatest thickness must always be at the centre

of dispersion ;
but it is here that, owing to distance

from the ocean, the snowfall is likely to be least.

We have no reason to believe that the quantity of

snow falling, at least at the South Pole, is not con-

siderable. Lieut. Wilkes estimated the snowfall of the

Antarctic regions to be about 30 feet per annum ;
and

Sir John Ross says that during a whole month they
had only three days free from snow. But there is one

circumstance which must tend to make the snowfall

near the South Pole considerable, and that is the

inflow of moist winds in all directions towards it
;
and

as the area on which these currents deposit their snow
becomes less and less as the Pole is reached, this must,

to a corresponding extent, increase the quantity of

snow falling on a given area. Let us assume, for

example, that the clouds in passing from lat. 60 to

lat. 80 deposit moisture sufficient to produce, say,

30 feet of snow per annum, and supposing that by the

time they reach lat. 80 they are in possession of only
* " Island Life," p. 150.
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of their original stor< -till,

as t))o area between lat 80 and the Pole Ls but <>n-

eighth of that betw. . n lat c>(f and 80' this would,

notwithstanding, jjivu 24 feet as the annual amoi.

snowfall between lat 80 and the Pole.

However small may be the snowfall, and cons.-.|u-nt

amount of ice formed annually around the South Pole,

unless it all melted it must of necessity accumulate

hy year till the sheet becomes thic!.

the ice could not move out of its position till this were

the case But supposing there were no snow whatever

falling at the Pole and no ice being formed th> n
, Mill

would not alter this state of matters; fr in this

case, the ice forming at some distance from the Pole,

all around would flow back towards the contr-

continn.' to accumulate there till the resistance to the

inward flow became greater than the resistant-*- to th-

outward; but this state would not be roach.-.! till the

ice became at least as thick on the p>! -ward as <>n the

outward side. There is no evading of this n inclusion

unless we assume, whir duly v.-ry improbable,
if not impossible, vi/... that polewudfl
should in. -It as rapidly as it advances \\V know,
how in ivspi-ct to the ice which Hows out-

wards towards the sea, littl. . if any, nf it is melted;
and it is only after it breaks off in th.> form of bergs
and floats to warmer latitudes that it dUappmr

i with ditliculty. It || th. P fore not lik.-ly

Mowing inwards towards the Pole, and
without the advantage of escape in tin- form of bergs,
should all happen to m-!t. It Kttll or 'none of th- i

:ng toward th- K-piator in. -It physically

imp- .-it nil tli' IM tl'.wiiiLr polewards should

manage to do so; and if it did not all m.-lt. it would

accumulate year by year around the Pole till it
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acquired a thickness sufficient to prevent any further

flow in that direction, or, in other words, till its

thickness at the Pole became as great as it is all

around.

The opinion that the great mass of the ice on the

Antarctic continent and also on Greenland lies near

to the outer edge, and that it gradually diminishes

inwards till at last it disappears, is evidently one

based on a misapprehension as to the physical con-

ditions of continental ice. I cannot help believing
that had Professor Nordenskjold duly reflected on the

necessary physical and mechanical conditions of the

problem, he would not have undertaken the journey
across the Greenland ice with the hope of finding

green fields in the interior of that continent.



CHAPTER VI

EXAMINATION OF MB. ALFRED B. WALLACE'S MODIFICA-

\ OF THE PHYSICAL THEORY OF SECULAR CHANGES
< LIMATE.

Effect of Winter Solstice in Aphelion. The Star Storage of Cold.

Highland and heavy Snowfall in Relation to the Glacial Epoch.
The only Continental Ice on the Globe probably oa Lowland*.

-Modification of Theory Examined.-General Statement of the

Theory. PoinU of Agreement*

THERE are few authors to whom I am more deeply
indebted than to Mr. Alfr- illace for In

clear and able exposition and defence fnm time to

time of the main points of the Physical Theory of

ir changes of climate. I have read the diapt- i

ng to this subject in hi* recent work (" Island

) with a great amount of interest and pleasure;
iiM-1 I need hardly add main, I agree with

the views which he advocates. In these

howi have been advanced some mo<l it i<

I th.-Mi-y which, aft.-r a v
tinii nf tli.- whole subject, I am wholly mmH.- t<.

accept As these modifications relate to poii

greatest importance in th. cjuestion

climate, I shall now proceed to ezamim- tin -m at

h. It appears to me, however, that what Mr.

Wallace regards as in ns are in some cases

y necessary parts :. . IhejtVM^
1- - n in all cases expressed by me, hut
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they are nevertheless implied in the theory. Other

points, again, regarded as modifications, are simply
facts lying altogether outside of the theory, which can

in no way affect it.

Before proceeding, however, to examine in detail

Mr. Wallace's modifications of the theory, it may be

as well to consider one or two minor points on which

I differ from him, as this will save the necessity of

referring to them when we come to discuss his main

argument.

Effect of Winter Solstice ^n Aphelion. At page
126 ("Island Life") he says: "We may therefore say

generally, that during our northern winter, at the time

of the glacial epoch, the northern hemisphere was

receiving so much less heat from the sun as to lower

its surface-temperature on an average about 35 F.,

while during the height of summer of the same period
it would be receiving so much more heat as would

suffice to raise its mean temperature about 60 F.

above what it is now." In a footnote he adds that
" the reason of the increase of summer heat being 60

while the decrease of winter cold is only 35, is because

our summer is now below and our winter above the

average."
There is surely a confusion of ideas here. It is of

course true that, as our summer at present occurs in

aphelion and our winter in perihelion, the tempera-
ture of the former is below and that of the latter

above the average ;
but this can afford no grounds for

the result Mr. Wallace attributes to it unless it be

assumed (for which there are no astronomical grounds)
that our summer is 25 further below the average
than our winter is above it.

On the Storage of Cold. In a section on the Effects

of Snow on Climate, Mr. Wallace points out the
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li tit-rent effects produced by water falling as a li|ui'l

in the form of rain and as a solid in the form of snow.

The rain, however much of it may fall, runs off

ily, he states, without producing any p
on temperature. But if snow falls, it lies wh-re

1, and becomes compacted into a mass which

keeps the earth below and the air above at or near

the freezing-point. When the snow becomes per-

petual, as on the summits of high mountains,

permanent cold is the result; and however strong
the sun's rays may be, the temperature of both the

air and the earth cannot possibly rise much a

the freezing-point. "This," he says, "is illustrated

by the often-quoted fact that at 80 N. lat. Captain

Scoresby had the pitch melted on the one side of hn

ship l>y the heat of the sun, while water was iV
on the other side owing to the col<ln>-^ of th air.

"

Doubtless this is perfectly correct; but on pa^
he states that he has pointed out with inor.

than has, he believes, hitherto been done, the <lif!< n-nt

effects on climate of water in tin- li<{ui<l ami -li<l

states. This is a somewhat doubtful stab i

in Chapter IV. 'Climate and Tim,, in 1'hil Mag."
March, 1870, and in other places will, I think, be

1 all that this section contains. In fact the

influence of snow and ice as a permanent source of
cold is one of the main factors of my The

three great factors are (1) the influence of snow and

ice, (2) the influence of aqueous vapour, and (3) the

influence of ocean-currents. How persistently 1,

been urged as an objection to my theory that, .luring

the glacial epoch, the great heat of the perihelion
sumi: i'.-ct of

the aphelion v. , 1 that the

^uim -.vithstanoliii^ the int-n>ity "f tin- sun's
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rays, instead of being warmer than at present, would

in reality be far colder; for this reason, that the

temperature of a snow- and ice -covered country can

never rise much above the freezing-point. As an

example of this I pointed out that, 'were it not for ice,

the summers of North Greenland would be as warm
as those of England (whereas in point of fact they are

colder than our winters) ;
and that were India covered

with an ice-sheet, its summers would be colder than

those of England;
" Another point/' he says,

"
of great importance in

connection with this subject is the fact that this

permanent storing-up of cold depends entirely on the

annual amount of snowfall in proportion to that of the

sun- and air-heat, and not on the actual cold of winter,

or even on the average cold of the year." This I have

shown at considerable length in Chapter III., is one of

the most widespread and fundamental errors within the

whole range of geological climatology. Perpetual snow,
instead of being due "entirely" to the annual amount
of snowfall in proportion to the quantity of heat

received by the snow, is in most cases not even mainly
due to this cause. The overlooking of the fact that

in the conservation of snow the temperature of the

snow itself is one of the main factors has been a

fruitful source of error.

High Land and Heavy Snowfall in relation to the

Glacial Epoch. According to Mr. Wallace, "high land

and great moisture" are essential to the initiation of

a glacial epoch. Undoubtedly high land and great
moisture are the most favourable conditions for

bringing about a glacial state of things ;
but I can

hardly agree with him that they are necessary and

indispensable.
As to the second of these conditions, great moisture
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is required only in order to produce a great snowfall ;

a great snowfall only in order that the snow may
become permanent; and the pen nan. -nt snow in turn

is only in order to have permanent glaciation. But it

has already been shown in Chapter III. t:.-it \\.-

frequently have permanent snow with a very light

snowfall, even where the direct heat of the sun is

excessive, as on the summits of lofty mountains.

Greenland also has but a very small snowfall, and

yet the snow and ice are there perpetual. What
is necessary is, that the small amount which falls

should not all im It. It this be the case, the ice will

accumulate year by year, and a glacial condition will

ultimately result

Suppose that the annual precipitation of snow on a

continent is equivalent to only 10 inches of ice, and

that at the end of each summer one inch remains

unmelted, then, in such case, the ice will continue to

accumulate year by year until th- <|unntity annually

discharged by the outward motion from ire of

dispersion equals that annually formed. But in the

case of a continent, this condition can be att

only when the sheet at the centre becomes of enor-

mous thickness. \Vh-th.-r high land be necesui

a glacial epoch or not, it is \ i<l> nt that a heavy
snowfall is not an indispensable condition.

As to the first t namely Hiirh

Land, it must be borm- in mind that the quest;

not, Could the causes which are now in operation

bring about a glacial condition of things \vitlu.ut hi^h

land? but, Could those physical agencies 1 ruirlit into

operation during a high state of CM pn>du<.

a glacial state of things without high land ! Mr.

Wallace's answ. r i- that
I

.!! not. lint I am

not-1- ^ith the Around- on uhirh 1 ' lases this
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opinion. A condition of the greatest importance,

though one not absolutely necessary to the produc-
tion of a glacial epoch, as will presently be shown, is

the existence of perpetual snow. The question then

is, Could not those physical agencies brought into

operation during a high state of eccentricity cover low

lands with perpetual snow without the aid of high
lands? Mr. Wallace replies, "Perpetual snow nowhere

exists on low lands." Supposing this were true (I

have endeavoured to show in the last chapter it is

not), still it does not follow that perpetual snow may
not have existed on low lands, or that, when the

present condition of things changes, it may not yet
exist. It is not difficult to conceive how, under

certain conditions, the snow-line may in some places
have been brought to the sea-level. In arctic, or even

in subarctic regions, an excessively heavy snowfall,

followed by piercingly cold winds from the north,

during the whole of the summer months, would keep
the snow at a low temperature, and certainly prevent
it from disappearing. Keep the surface of the snow
at or below the freezing-point, and melting will not

take place, no matter how intense the sun's rays may
be. A strong wind below the freezing-point will cool

the surface of the snow more rapidly than the sun can

heat it. Another cause which would tend to keep the

snow at a low temperature would be that, along with

a cold northerly wind, there is usually a great
diminution of aqueous vapour, thus allowing the

surface of the snow to radiate its heat more freely
into stellar space. For, were it not for the aqueous

vapour in the atmosphere, as has been shown in

Chapters II. and III., the snow-line, even at the

equator, would descend to the sea-level.

Perhaps it is owing to the warm southerly winds of
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the two midsummer months that Siberia, cv-n with

its inconsiderable snowfall, is not at the present
'd with permanent snow and ice. Mr. Wallace

mentions that " in Siberia, within and near the A

circle, about six feet of snow covers the country all

the winter and spring, and is not sensibly diminished

by the powerful sun so long as northerly winds keep
the air below the freezing-point, and occasional snow-

storms occur. But early in June the wind usually

changes to southerly, and under its influence the snow
nil disappears in a few days." But what would be

the consequence were these northerly winds to con-

tinu.' during the whole of June and July? It would

probably be that the snow of autumn would bepn to

fall before that of spring had disappeared. Were this

to result, the country would soon become coven -.1 with

permanent ice. Matters would be still worse if

southerly winds, instead of ceasing, were simply to

change from June and July to December and January,
for then, in place of producing a melting effect, they
would greatly add to the snowfall.

The only Continental Ice on the Globe probal/
Lowlands. The only two continents on th. -!,,}

covered by permanent ice and snow are Greenland and

the Antarctic. But are these continents to be regarded
as high lands or as low lands ? Mr. Wallace maintains

they are high lands. h i he says,
"
only

\vh.-re there are lofty mountains or cl.-vuted j.la
1

as in Greenland, &c., that glaciers accompanied by
perpetual snow cover the country. The north polar
area is free from ai imulation .f perm

i lands of Greenland and (mnn.-ll

Land. And in regard to the Antarctic continent he

says, "Th- much gred at tip-

polo is undoubtedly due to the presence of a
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extent of high land." Were it not for these extensive

highlands and lofty mountains, Greenland and the

Antarctic regions, according to Mr. Wallace's theory,

would be free from permanent snow and ice. He,

however, nowhere, so far as I can find, offers any proof
for the conclusion that those regions possess extensive

high lands, elevated plateaus, and lofty mountains

sufficient to account for these icy mantles. In the last

chapter the subject has been discussed at considerable

length, and the conclusions arrived at are diametrically
the opposite of those advocated by Mr. Wallace,

viz., that Greenland, and probably the greater part of

the Antarctic regions, consists of land probably not

much above sea-level, and that the mass of ice under

which they are buried must be due to some other

cause than elevation of the land.

Permanent Ice may originate without Perpetual
Snow. It is not necessary that, in order to have

permanent ice, there should be perpetual snow. If

snow softens or becomes partially melted and after-

wards re-freezes, it is then far more difficult to melt

than it was in its original condition. Half-melted

snow, when re-frozen, resists the summer sun long
after the loose snow has disappeared. We have a good

example of this amongst our Scottish mountains. In

many places the frozen half-melted snow is permanent;
and were the climate from any cause to become

deteriorated its amount would yearly increase. In

fact, it might go on increasing till not only all our

Highlands but the greater part of the surface of

Scotland might be covered with ice, long before the

snow-line had descended below the level of the summit
of Ben Nevis.
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Modification of the Theory Examined.

Mr. Wallace's chief, and, I may say, only real

modification of my theory is this. I give it in hi

words:
" The alternate phases of precession causing the v

of each hemisphere to be in aphelion and perihelion each

10,500 years would produce a complete change of climate

only where a country was partially snow-clad; while,

whenever a large area became almost wholly buried in snow

and ice, as was certainly the case with Northern Europe

during the glacial epoch, then the glacial conditions would

be continued, and perhaps even intensified, when the sun

approached nearest to the earth in winter, instead of

being at the time, as Mr. Croll maintains, an almost

perpetual spring." P. 503.
" When geographical conditions and eccentricity comhino

to produce a severe glacial epoch, the changing phases of

precession have very littlo, if any, effect on the chorae

the climate, as mild or glacial, tli-i:_-h it may modify the

seasons; but when the eccentricity becomes moderat

the resulting climate less severe, then the changing phases
of precession bring about a considerable altcrati<

a partial reversal of the climate." P. 153.

Again "It follows that towards the equatorial lin

a glaciated country alternations of climate may occur during

a period of high ecc- near the pole, where the

whole country is completely ice-clad, no amelioration may
take place. Exactly the same thing will occur inversely

with mild Arctic climates.
"

P. 154.

I have, On th-- contrary, iiiaintaiiic.l that tin' more

severe the glacial cn.liti.n of the on.- lirmi-j.h.-iv. the

more equable wouM necessarily IN-

that of the other
;

for the very same combination of

causes which \v<mll t.-nl to cool the on-- lieini*|.li.
. r ,-

would necessarily t n<l to wan n roccss
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to a large extent consists of a transference of heat

from the one hemisphere to the other. Consequently
the one hemisphere could not be heated without the

other being cooled, nor the one cooled without the other

being heated. The hotter the one, the colder the other,

and the colder the one, the hotter the other. It there-

fore follows that the more severe the glacial conditions,

the warmer and more equable must be the interglacial
warm periods. But, according to Mr. Wallace, there

could be no warm interglacial periods, either in

temperate or polar regions, except during the com-

mencement and towards the close of a glacial epoch.

Before, however, proceeding to examine in detail the

steps by which he arrives at this modification of my
theory, it will be as well that the reader should have

a clear and distinct knowledge of what that theory

really is, and what it professes to explain. These I

shall now briefly state in the most general terms, for

misapprehension in regard to the main features of the

theory lie at the root of most of the objections which
have been urged against it.

General Statement of the Theory. 1st. It is not

professed that the theory will account for the condition

of climate during all past geological ages. It treats

mainly of the cause of the Glacial Epochs ;
and one

of its essential elements is that these epochs consist of

alternate changes, to a greater or less extent, of cold

and warm periods ; or, in other words, that glacial

epochs must consist of alternate glacial and interglacial

periods. The chief, though not the sole, aim of the

theory is to account for geological climate in so far as

such epochs are concerned. Although it could be

satisfactorily shown, for example, and this has certainly

not yet been done, that during some past geological

age, such as the Miocene, the Eocene, or the Cretaceous,
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the climate was throughout uniformly '..arm or sub-

tropical, this would not prove that tin theory was

wrong, unless it could at the same time be shown

the necessary conditions demanded by tl > did

then exist But instead of this supposed condition of

climate during Secondary or Tertiary periods
1

inconsistent with my theory, the fact is, as we >lmll

see by and by, that this theory affords the only rational

explanation of such a state of things whicl

been given.
2nd, The theory is not that a hi^h state of

eccentricity will necessarily produce glacial epoch.
No misapprehension has been more widespread or

more difficult to remove than this. From the

commencement I have maintni: no amount of

tricity, however great, could produce a glacial

condition of things; that the Glacial Epoch was tin-

result, not of a high state of eccentricity, but of a

combination of Physical Agencies, brought into

operation by means of this high state . As an example
of this misapprehension, how frequently has the

present condition of the planet Mars been adduced as

nee against the theory. The eccentricity of Mars'

orhit is at present greater than that of the Earth's

when at its superior limit; and its southi-rn

winter solstice is i aphelion. It

refore maintained that, if my th. -ory of the cause

ho southern hemisphere
irs ought to be under a

gl.-i
iition. and the

icrn enjoying a perpetual .spring -and thi-

knwn, is not the case. ! assumed that,

according to the theory, eccentricity al.ne ou^ht to

For thit reason I prefer to terra tho theory the Physical Theory
rather than the Eccentricity Theory, aa it has been called by some

writers.
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produce a glacial epoch, irrespective of the necessary

physical conditions. We know with certainty that

those physical conditions which, according to the

theory, were the direct cause of the glacial epoch on

our globe, cannot possibly exist on the planet Mars. *

Just take one example : either the properties of water

on the planet Mars or the conditions of its atmosphere
must be totally different from that of our earth

;
for

were our earth removed to Mars' distance from the

sun, our seas would soon become solid ice, and we could

have neither snow nor rain, ocean-currents, nor any
of the necessary conditions for secular change of

climate. This is doubtless not the present state of

Mars 1

,
but the reason of this can only be that the

physical and meteorological conditions of the planet
must be wholly different from those of the earth.

When we reflect that a very slight change in the

properties of aqueous vapour, or in the condition of

our atmosphere, would effectually prevent the pos-

sibility of a glacial epoch occurring on our earth,

notwithstanding a high state of eccentricity, we need

not wonder that the planet Mars is not in a state of

glaciation. But the eccentricity of Mars, though high,
is still far from its superior limit, and the planet may
yet, for any thing which we know to the contrary,

pass through a glacial epoch.
3rd. Another prevailing misapprehension is the

supposition that the theory does not recognize the

necessity for geographical conditions. In reading
" Island Life

"
one might be apt to suppose that one of

the chief points of difference between Mr. Wallace and

myself is that he regards geographical distribution of

sea and land as an important factor in a theory of

geological climate, whereas I entirely ignore this

* See ' Climate and Time,' p. 79.
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condition. Nothing could be further from the truth

than such a supposition. I can boldly affirm that

the necessity for geographical conditions is as truly a

part of my theory as of Mr. Wallace's modification

thereof.

One of the most important agencies, according to

ii iy view, is the enormous amount of heat conveyed
from equatorial to temperate and polar regions by
means of ocean-currents, and the deflection of this

heat, during a high state of eccentricity, from the one

hemisphere to the other. But all this depends on

ocean-currents flowing from equatorial to polar regions;
an 1 the existence of these e n il.-ji.-mU, to

a large extent, on the contour of the continents and
the particular distribution of sea and land. Take, as

one example, the Gulf-stream, a current which played
so important a part in the phenomena of the ^

epoch A very slight change in geographical con-

is, such as the opening of communication between

the Gulf of Mexico and the Pacific, would have greatly

diminished, if not entirely destroyed, that stream.

Or, as I showed on a former occasion, a chaii^- in tin?

form or contour of the north-east corner of the South-

American continent w great

equatorial current, the feeder of the Gulf-stream, into

i Ocean and away from the Carribean

Sea. One of t . causes of the

of things in PHfen Kurie, as well as in

eastern parts of America, during the -lacial epoch,
was a large withdrawal of the warm i' tin-

( iulf-stream
;
and this was to a gre

stated in my t ', to the

position of Cape St Roju.-. which lrtl-etr.l the

<>rial i-unvnt into the Southern Ocean. That a

'Phil. M.v, for August, 1864.
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geographical distribution of land and water permitting
of the existence and deflection of those heat-bearing
currents is one of the main factors in my theory is what

must be obvious to every reader of
' Climate and Time.'

The difference between Mr. Wallace and myself is

this : I maintain that with the present distribution of

land and water, without calling in the aid of any other

geographical conditions than now obtain, those

physical agencies detailed in ' Climate and Time are

perfectly sufficient to account for all the phenomena
of the glacial epoch, including those intercalated warm

periods, during which Greenland would probably be

free from ice and the Arctic regions enjoying a mild

climate
;

while Mr. Wallace, on the other hand,
maintains that without assuming some change in the

geographical conditions of our globe those physical

agencies will not account for that state of things, at

least in so far as the disappearance of the ice in Arctic

regions is concerned.

To narrow the field of inquiry, and bring more

prominently before the mind the real question at issue,

I shall state the main points on which Mr. Wallace
and I appear to agree.

Points of agreement. 1. Mr. Wallace agrees with
me that a high state of eccentricity could never

directly produce a glacial condition of climate; that

the glacial epoch was the direct result, not of a high
state of eccentricity, but of a combination of physical

agencies brought into operation by means of this high
state.

2. He agrees with me also in regard to what these

physical agencies really were; for the agencies to

which he refers in his "Island Life" are almost

identically those which I have advanced in
' Climate

and Time
'

and elsewhere.
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3. Mr. Wallace agrees with me in regard to the

il reactions of the physical agents. He mail

with me that these physical np t only all lead

to one result the accumulation of snow and ice but

that their efficiency in bringing about this result is

strengthened by their mutual reactions on one

another. At pp. 137-139 he gives a variety of

examples of these mutual reactions, and says that

they "produce a maximum of effect which, without

their aid, would be altogether unattaina 1

4. As has already been shown, we both agree as to

the necessity of certain geographical conditions for

the production of the glacial epoch. For although
that epoch was mainly brought about by the physical

agencies, yet those agencies could not have produced
the required effect unless the necessary geographical
conditions had been supplied, these being necessary for

r effective operation.
Mi Wallace admits, of course, t necessary

geograpl.ic.il
' tuitions existed during the :'

. fr. unless this had been the ca.sc. n.> Lfl;u-i,il

epoch could have occurred. Therefore, all that was

required to produce glaciation was an amount of

eccentricity sufficient to sot the physical agencies into

operation. Be it observe. 1. it <lil not re.juiiv. in <///<-

tion to the physical agencies, some chants in the

geographical conditions, or some new conditions; for

the geographical conditions being existent, all th

re.juiiv.l to 1 rinir ftl>out the glacial epoch \\

operation .f the physical agencies. The overlooking

ict has led to much confusion. For example.

210,000 years ago, with winter in aph.-lion. th-

blem to be solved," says Mr. Wallace, is. v

t f.-ll in oiiM accumulate to such an

:t that it \\ouM i. lied in summer, an-1 s,,
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go on increasing year by year till it covered the whole

of Scotland, Ireland, and Wales, and much of England.
Dr. Croll and Dr. Geikie answer without hesitation

that it would. Sir Charles Lyell maintained that it

would only do so when geographical conditions were

favourable."* Here we have a complete misappre-
hension of the relation between Sir Charles Lyell's

views and mine
;
for I would certainly maintain (and, I

presume, Dr. Geikie also) as emphatically as Sir Charles

could do, "that it would only do so when geographical
conditions were favourable." For undoubtedly, accord-

ing to the theory advocated in ' Climate and Time/ no

glacial epoch could result without geographical condi-

tions suitable for the operation of physical agencies;
and this is virtually what Sir Charles maintains. The

glacial epoch resulted during the last period of high

eccentricity because the geographical conditions suit-

able for the effective operation of the physical causes

then existed.

6. It is assumed in ' Climate and Time' that, with

the exception of those resulting from oscillations of

sea-level, afterwards to be considered, the general
distribution of sea and land, and other geographical

conditions, were the same during the glacial epoch as

they are at present.")" Consequently, in accounting for

the glacial epoch I had only to consider the effects

* "Island Life,"p. 136.

f Prof. J. Geikie, however, believes that during early Postglacial
times a considerable change in the physical geography of the North
seas took place (see "Prehistoric Europe," chap. xxi.). In order to

account for the floras of Greenland, Iceland, and the Faroe Islands,
he thinks a land connection must have existed between these places
and Scandinavia. For reasons which will be stated in a future

chapter I am somewhat doubtful on this point. There is, I think,
an important agent overlooked in the question of the distribution of

Arctic flora and fauna. Prof. Geikie, however, does not believe that

the climatic condition of that period was in any way due to this change,

10
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resulting from those physical agencies called into

operation by an increase of eccentricity. To have

speculated on hypothetical geographical coml

different from those which now obtain, ami on the

influence which these may have had in bringing about

the glacial epoch, would have been on my part ]<r

fectly absurd, as I knew we had no evidence of the

nee of any such conditions. Besides, my aim was

to account for that epoch from known and established

facts and principles, without the introduction of hypo-
thetical causes. I fear that the fact of my making
little or no allusion to geographical condition-* in my
explanations may have unfortunately led Mr. Wallace

and others to conclude that I altogether ignore, or, at

least, undervalue their importance, which is certainly

not the case.

Although Mr. Wallace so frequently alludes t

importance of geographical conditions, I am not sure if

he believes that during the glacial epoch those c<>n<li

tions differed materially from what they are n

or that glaciation could have been greatly influenced

by any difference which did n
7. Mr. Wallace alludes to one or two geographical

conditions which, if they had existed during the glacial

epoch, would have greatly aided glaciation; as, for

example, if a land-barrier had extend*.] in>m the

British Isles, across the Faroe Islands and I--, land to

Greenland, cutting oil' from Northern Kun.j,,- the

warm waters of the Atlantic, including th- Gulf

Stream. "The result," he says," would nl duly
be that snow would accumulate on the hi-h mountains

came glaciated to as great
an c\t-nt as Greenland."

It would be easy to multiply cases of this k in. 1 \\h. re

a di>tril.mi"ii of land ai. diM'nvnt from the
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present might have been more favourable to glaciation
than the present; but the question is, Did any such

difference favouring glaciation actually exist during
the glacial epoch ? I have never been able to find any
evidence that it did. Many a change in geographical
conditions has taken place during Tertiary times, some
of which were doubtless favourable to glaciation; but

have we any evidence that during the glacial epoch
the geographical conditions were more favourable than

they are at present? Unless this can be shown to be

the case, there is no necessity for referring to a differ-

ence in geographical conditions during that epoch as a

cause of glaciation. This being so, it does not follow,

because in my explanation of the cause of the glacial

epoch I may not, like Sir Charles Lyell and others,

have speculated on the effects which might have

resulted had the distribution of land and water been

different from what it is now, that I ought on this

account to be charged with undervaluing the import-
ance of geographical conditions.

Trusting that these preliminary considerations may
tend to remove the partial confusion in which this

somewhat complex subject has been involved, I shall

now proceed to examine Mr. Wallace's main argument.
I shall consider it, first, in relation to physical prin-

ciples, and, secondly, in relation to geological and

palseontological facts.



CHAPTER VII.

EXAMINATION OF MR. ALFRED B. WALLACE'S MODIKI

CATION OF Mil: H1YSICAL THEORY OF SECULAR

CHANGES OF CLIMATE. Continued.

Physics in relation to Mr. Wallace's Modification of the Theory.
Another Impossible Condition Assumed. A Geographical

Change not Necessary in Order to Remove the Ant-

Ice.-Other Causes than Antarctic Ice affecting the North-

ward-flowing Currents. Climatic Conditions of the Two

Hemispheres the reverse Ten Thousand Yean ago; argu-
ment from. Mutual Reactions of the Physical Agents in

Relation to the Melting of the Ice. Another Reason why the

Ice does not Melt.

L Physics in Relation to Mr. Wallace'B Mo<>

of the Theory.

Tho grand modification, that during the height of

the glacial epoch the snow and ice would not

appear wh'-n i>ivr.-^i,,n brought the winter

nnnd to perihelion, I have already i/mn in Mr.

Wallace's own words. As the reasons which he

assigns for this modification an- v. rv briefly stated

by him, I may here giv. th m also in bus words.
' T describing the state of North-Eastern An.

nn.l the North Atlantic, to which I havo alivady
allu-l'-'l, he says:

" Mat when sm-h \\a.s tl>o state of Atl.mti--

however caused, such mutt have been iU state durin- tl,.-

the glacial e]xx;h), can we suppose th r

change from tho distant sun in \vinter and near sun in
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summer, to the reverse, could bring about any important
alteration the physical and geographical causes of gladation

remaining unchanged? For, certainly, the less powerful
sun of summer, even though lasting somewhat longer, could

not do more than the much more powerful sun did during

the phase of summer in perihelion, while during the less

severe winters the sun would have far less power than when

it was equally near and at a very much greater altitude in

summer. It seems to me, therefore, quite certain that when-

ever extreme glaciation has been brought about by high

eccentricity combined with favourable geographical and

physical causes (and without this combination it is doubtful

whether extreme glaciation would ever occur), then the ice

sheet will not be removed during the alternate phases of

precession, so long as these geographical and physical causes

remain unaltered. It is true that the warm and cold oceanic

currents, which are the most important agents in increasing

or diminishing glaciation, depend for their strength and

efficiency upon the comparative extents of the northern and

southern ice-sheets, but these ice-sheets cannot, I believe,

increase or diminish to any important extent unless some

geographical or physical change first occurs." *

Again, "It is quite evident that during the height of

the glacial epoch there was a combination of causes at work

which led to a large portion of North-Western Europe and

Eastern America being buried in ice to a greater extent

even than Greenland. Among these causes we must reckon

a diminution of the force of the Gulf Stream, or its being
diverted from the north-western coasts of Europe ;

and what

we have to consider is, whether the alteration from a long
cold winter and short hot summer, to a short mild winter

and long cool summer would greatly affect the amount of ice

if the ocean-currents remained the same. The force of these

currents is, it is true, by our hypothesis modified by the

increase or diminution of the ice in the two hemispheres

alternately, and they then react upon climate; but they

*" Island Life," p. 150.
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cannot be thus changed till I ice accumulation has

been considerably affected by other causes." *

There are some further reasons assigned, which will

be considered as we proceed.
From what has already been shown, it will be seen

that the causes which led to the glacial epoch may bo

classed under three distinct groups: (1) the astro-

nomical, (2) the physical, and (3) the geographic al

This threefold division is distinctly recognised by Mr.

Wallace in the above quotations, as well as in all his

reasoning on the subject of geological climate.

In the astronomical group the main elements are

the two following : 1st, A high state of ec

producing, on the hemisphere whose winter s.

happens to be in aphelion, a long and cold winter with

a short and hot summer, and on the other hnnHj.hnv,
whose winter solstice, of course, at the tiim- is in

helion, a short and mild winter with a long and cool

surnn Precession, transferring these conditions

from the one hemisphere to the other alternately

10,000 or 12,000 years, Tl nts are, of

course, the influnicr of snow and ice, ocean

aqueous vapour, clouds, fogs, and a host of -

n already been discussed at Im-jili

in Chapters II. and III.; win!.- the geographical
consist of tli of land and

water, elevations or depressions in the sea-bottom,
contour of the sea coast, un-l oth.-r geographical con-

u. in in- tli. How of ocean-curr

It i> to tli- Knflnnot of physical agencM'-s, hm\ -.

that the </ r-- lir.-ctly lu-. Th- nmm
\<>n of the astrono: is to set nnl

in operation an-l also to d

Uland Life," p. 148.
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mine the character of their operations. For example,
the position of the winter solstice in relation to the

aphelion or to the perihelion, during a high state of

eccentricity, determines whether the physical agencies
will produce on a given hemisphere a glacial or a

warm condition of climate; while precession deter-

mines which of the two hemispheres shall be the

glaciated and which the warm. In one respect we

may say that the astronomical causes produce glacia-
tion by means of the physical agencies.
The geographical conditions, however, cannot pro-

perly be considered to be causes in the sense in which

the astronomical and physical are. They are more

properly conditions to the production of a glacial

epoch than causes. They cannot be said to act in the

production of glaciation. They are rather permanent
and passive conditions enabling the active causes to

produce their required effects. Had the glacial epoch
resulted from the elevation of the land, as some

geologists suppose, then this elevation might properly
be said to have been the cause of the glacial epoch ;

but the glacial epoch was produced by no such means,
nor by any change in the physical geography of the

globe. A certain geographical condition of things

was, of course, requisite in order to the effective

operation of the astronomical and physical causes.

This condition existed at the time of the glacial epoch ;

and it is only in this sense that that epoch can be

referred to anything geographical.
It is true that a cause, as Sir William Hamilton

states, may be defined as "
all that without which the

effect would not happen ;" but this is far too general
an expression of cause for practical purposes. We
therefore fix on the particular antecedent or antece-

dents, through the activity of which the event is
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mainly brought about, and term them the causes of

vent, and the others the necessary conditions.

I cannot help thinking that the way in which

geographical conditions are spoken of as causes of the

glacial epoch has tended to confusion.

During the glacial epoch there were frequent sub-

mergences and elevations of the land, or rather asc illa-

tions of sea-level, and these, it is true, would produce
a change in the relative extent of sea and land. But

wh.-ther we suppose it to have been the sea which rose

and fell in relation to the land, or the land in relation

to the sea, it equally follows that the geographical

change resulting therefrom could not possibly hav.-

been a cause of the glacial epoch. It is now a well-

established fact that submergence accompanied glacia-

tion
;
the glaciation may have been that which 1

the submergence ; but it could not possibly 1

the submergence which led to the glaciation. An
elevation of the land would have favoured L

but submergence would not Its tendency would

i- be in the opposite direction. It is now also

establi.-hfl, that during t 'im-nta! period, or

period of elevation, tin- climate was warm and

equable; for it w; as has been remark..! tint

this country was invaded by tropical and M:

animals. Now, it is equally fl

muld not liuv.- Wen the cause of the heat, i

of the land might produce cold, but it could not

been a cause of the heat It foil that

the geographical change resulting from sul

land cannot be regarded as a <

.} glacial epoch; for its if it

had any, was in opposition to that of the astroim-

and j.hy-iral agencies. It would pi 'Ac a hindrance,

![>.
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Referring now to Mr. Wallace's argument: When
glacial conditions in the North Atlantic attained their

maximum development, "can we suppose," he asks,
" that the mere change from the distant sun in winter,

and near sun in summer to the reverse, could bring
about any important alteration the physical and geo-

graphical causes of glaciation remaining unchanged ?"

Here, to begin with, we have an impossible state of

things assumed. It is assumed in this question that

it is possible for the winter solstice to pass from

aphelion to perihelion, and the physical causes to

remain unchanged. It is assumed as possible that

the astronomical conditions might be reversed without

a reversal of the physical conditions.

When the winter solstice is in aphelion, it sets in

operation many physical causes, the tendency of which

is to produce an accumulation of snow and ice
;
but

when the solstice-point moves round to the perihelion,

the tendency of these causes is reversed, and they then

undo what they had previously done melt the snow
and ice which they had just produced. Now, what
Mr. Wallace asks is this : When, owing to the winter

solstice being in aphelion during a high state of eccen-

tricity, a glacial condition of things is produced, will

the fact of the solstice-point being moved round to

perihelion remove the glacial condition, if the physical
causes remain unchanged in their mode of operation?

My reply is, it certainly would not. Here it is assumed
that the physical causes are working in opposition to

the astronomical
;
that when the solstice is in peri-

helion the action of the physical causes, instead of

being reversed, as it should be according to theory,
still continues to produce and maintain a glacial state

of things, the same as it did when the solstice-point was
in aphelion ;

and he asks, Will the astronomical causes
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in this struggle manage to overpower the physical and

produce a melting of the ice ? I unli. -iiatingly reply,

No; for the physical causes are far more powerful
than the astronomical. The astronomical causes, as

we have seen, are perfectly unable to produce a gl

state of things without the aid of the physical. How,
could we expect that they could remove this

glacial state if the physical causes were actually

working against them?
In thus setting the physical causes against the

astronomical, Mr. Wallace is basing his argument for

tli-' non-disappearance of the snow and ice on a state of

things which cannot possibly, under the circumstances,

exist. Hi <>n, to have consistency, should bo

this: When glacial conditions were at their height,

&c., can we suppose that the mere change from the

distant sun in winter and the near sun in sunn:

the reverse, could bring about tiny important alteration

the geographical causes of glaciation remain in.;

inged ? If the question is put thus, and it is the

only form in which it can be put to be consistent

heory which Mr. Wallace himself advocates, th.-n

my reply is, That the change from the distant sun in

winter and near sun in summer to the near sun in

winter and distant sun in summer, ai<l< .1 l>y the change
in the physical causes which t M mccssnrily

bring about, woul ;

.ly be sufficient to cause the

snow and ice to disappear without any change in th;

geographical condition of things. Tin- tomUm-d influ-

ence of the astronomical ami
\

! us. s. wh.-n tin

\\int.-r nletice i-* in ]-rih-linii foettj Mfl
to un<lo nil that they had ]>rrvi<usly l<>n' wln-n tin-

ice was in aphelion. \Vln-n the action of the

causes is reversed, the effects will be reversed.

Had the glacial epoch been pro-lur. -lly geographical
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causes, then it is probable that the ice would not have

disappeared till these causes were changed. Had the

ice, for example, been simply due to an elevation of

the land, as some have argued, then it would not pro-

bably have disappeared till the land became lowered.

But it was the result of no such cause. It was due,

not to an elevation of the land, but to a number of

physical causes, brought into operation by a high
state of eccentricity. This Mr. Wallace fully admits

and maintains. A certain geographical state of things

was, of course, necessary to enable the astronomical

and physical causes to produce the required effect
;

and this was really all that geographical conditions

had to do in the matter. Let this be observed, how-

ever, that the same geographical condition of things
which favours the accumulation of ice when the

winter solstice is in aphelion, favours its disappear-
ance when the solstice is in perihelion. This is

obvious, because the same combination of physical

agencies which makes the hemisphere in aphelion
cold, makes the one in perihelion warm. The heating
of the one is, to a large extent, the result of the

cooling of the other. It is the transference of heat by
ocean-currents from the hemisphere in aphelion to the

one in perihelion which is a main reason why the

former is cold and the latter warm. Hence a change
in geographical conditions is unnecessary for the dis-

appearance of the ice on the hemisphere with the

perihelion winter, whether that hemisphere be the

northern or the southern.

The tendency of the combined influence of all the

causes astronomical, physical, and geographical is

to cool the one hemisphere and to warm the other, to

accumulate the ice on the one, and remove it from
the other. Consequently the same total combination
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of causes which will produce on accumulation of ico

h.T hemisphere when the winter solstio- i- in

aphelion will produce a melting of that ice when the

solstice moves round to the perihelion.

Another Impossible Condition Assumed. "What
we have to consider," says Mr. Wallace, "is whether

the alteration from a long cold winter and short hot

summer, to a short mild winter and long cool summer,
would greatly affect the amount ol 'he ocean-

currents remained the same." Here, again, we have

an impossible state of things assumed. It is assumed

that, notwithstanding the change from an apheli

to a perihelion winter, the ocean-currents would still

remain the same. And it is asked, would the astrono-

mical causes in this case remove t iation? I

would be disposed to say that they would not.

"The force of these runvnts," he adds, "an, it is

true, by our hypothesis modified by the increase or

diminution of the ice in the two hemispheres alter-

nately (they depend for their strength and effici* n< y

upon the comparative extent of the northern and

southern ice-sheets), and they then react upon
climate; but they cannot be thus changed till

the ice-accumulation has been considerably affected

by other causes."

What, thru, are the other causes which affect the

ice-accumulation and thus lead to a change in the

ocean s? "These ice-sheets cannot, I 1-
'

says Mr. Wallace, "increase or diminish to any im-

portant extent unless som* i*ical

change first occurs." Tin- tir-t thini: n-|uin-d to

a geographical or a

physical change. But we have just seen that the

tcter of the physical causes d--p-nds up..n the

A ch:u-_"- from u IMJI^ mid wint r and
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short hot summer to a short mild winter and long
cool summer would reverse the operations of the

physical causes and lead to a melting of the ice.

The physical causes, therefore, offer no barrier.

What more do we still require ? This we have in

the following foot-note: "The ocean -currents are

mainly due to the difference of temperature of the

polar and equatorial areas combined with the peculiar
form and position of the continents, and some one or

more of these factors must be altered before the ocean-

currents towards the North Pole can be increased." *

One of these factors change in the form and

position of the continents may be left out of

consideration
;

for we have no evidence of any
such change during the glacial epoch, except one*

which, as has been already proved, could have had

no effect. We must, therefore, look to a change in

"the difference of temperature of the polar and

equatorial areas" for any increase in the currents

towards the North Pole. And in order to bring about

this change,
" the only available factor," Mr. Wallace

states,
"
is the Antarctic ice

;
if this were largely

increased, the northward-flowing currents might be

so increased as to melt some of the Arctic ice. But
without some geographical change the Antarctic ice

could not materially diminish during its winter peri-

helion, nor increase to any important extent during
the opposite phase. We therefore seem to have no
available agency by which to get rid of the ice over a

glaciated country, so long as the geographical con-

ditions remained unchanged and the eccentricity
continued high."

According to Mr. Wallace, the only available factor

to produce a difference of temperature between the

* " Island Life," p ? 150.
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south-polar area and the equator, so as to increase the

north-flowing currents and thus melt t

1 be an increase of the Antarctic ice; 1-ur

he considers impossible without some gc<j

change. Without such a change, the Antarctic ic

maintains, would neither be increased nor dimini

it follows that without this change
according to Mr. Wallace's theory, no possibility of

getting quit of our northern ice during interglacial

periods.

This sweeping conclusion seems to be based on two

assumptions, both of which appear to me to be errone-

ous. First, that the "only" factor available is the

Antarctic ice ; and, secondly, that the Antarctic ice can
neither be increased nor diminished without some

geographical change.
A Geographical Change not Necessary in order to

Remove the Antarctic Ice. In r

that the Antarctic ice is the "
only

"
available factor

I shall presently show that there are other causes

affecting the northward-flowing currents as p

fully as the Antarctic ice. As to the second that the

Antarctic ice can i. io increased nor dimin

materially without some geographical change t '.

an assumption based, no doubt, on the opinion which

he holds that the Antarctic ice is duo to tip

nature of that continent. Of course, if this opinion
be correct, then, \\ithout a lowering of the land, tho

ice can i. ^appear or changed in

amount by astronomical or physical causes. Hut

I'l-.-ni what has already been state. 1 : \ .

to the condition of the Ant ^ioas,

I think it likely tha* -..1-aMy < !' l\v

di-inembered land or of groups of flat i-lamls little

ited above sea-level, but nil fused tog th.-r l.y
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one continuous sheet of ice. In fact, it seems highly

probable that a very large portion of the ice rests on

a surface which is under the sea-level. Victoria Land

is, of course, certainly elevated and mountainous, but

the character of the Antarctic icebergs shows that this

state of things must be the exception and not the rule

in those regions.

If this be the case, the Antarctic ice is just in the

condition admitting of its being easily modified by
warm currents from equatorial regions. In fact, at

the very present day, as Dr. Neumayer has shown,
the slight southward deflections of the warm westerly
drift-current caused by the projecting land masses of

Australia, Africa, and South America cut notches in

the ice. When the southern winter solstice was in

perihelion during the glacial epoch, it is probable that

the greater part of the ice then disappeared.
In fact, this is a result which would be even still

more likely to occur were the views held by Sir

Joseph Dalton Hooker, Professor Shaler, and others,

detailed in Chapter V., as to the nature of the

Antarctic ice, proved to be correct, viz., that the

greater part of that ice originated in pack or sea

ice, which ultimately became converted into a solid

and continuous sheet by long ages of successive

snowfalls.

If such be the condition of the Antarctic ice, we can

readily understand how it might all soon disappear
under the influence which would be brought to bear

upon it were the eccentricity high and the southern

winter solstice in perihelion. The warm and equable
conditions of climate which would then prevail, and
the enormous quantity of intertropical water carried

into the Southern Ocean, would soon produce a melt-

ing of the ice. Layer after layer would disappear
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off the surface, and as soon as the weight of the

sheet became less than that of the water \vhich

ul displaced, the sheet would float After this

it would no doubt shortly break up and l

dispersed.

Other Causes than Antarctic Ice affecting the

Northward-flowing Currents. If we consider the

effect which the present amount of eccentricity,

small as it is, has on the climatic condition of some

parts of the southern hemisphere, we shall readily

understand how, during the glacial epoch, the warm
water of this hemisphere may have been impelled

northward, i-v.-n independently of the influence of

the Antarctic ice. In order to show the prv

of eccentricity on climate, I cannot do better than

quote Mr. Wallace's own words on the sul>jrt.

Referring to its effect on south temperate America,

he says :

io80 persona who still doubt the effect of win*

aphelion with a high degree of eccentricity in i-rodmin^

glaciation, should consider how the n>n<litin of

temperate America at the present day is explicable if th.y

this agency. The line of perpetual snow in the

southern Andes is so low as 6000 feet in the same latitude

as the Pyrenees; in the latitude of the Swiss Alps, moun-

tains' only 6200 feet high produce immense glaciers which

descend to the sea-level; while in the latitude of Cumberland,
ains only from 3000 to 4000 fi have every

valley filled with streams of ice descending to the sea-coast

and giving off abundance of huge icebergs. Hero we have

exactly the condition of things to which Kn-land and

Western Europe were subjected durin

glacial epoch, when every vall.-y in Wales, ('uinlx r

land, and Scotland had its glacier; and to vh.it ean this

state of things I- 1, if ii"t t> tin- fa.-t that there is

now a moderate amount of eccentricity, and the \\ii/
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the southern hemisphere is in aphelion? The mere geo-

graphical position of the southern extremity of America

does not seem especially favourable to the production of

such a state of glaciation. The land narrows from the

tropics southwards, and terminates altogether in about the

latitude of Edinburgh; the mountains are of moderate

height ;
while during summer the sun is three millions

of miles nearer, and the heat received from it is equivalent

to a rise of 20 F. as compared with the same season in the

northern hemisphere."
*

In a similar glacial condition are the islands of

South Georgia, South Shetland, Graham Land, Enderby
Land, Sandwich Land. There can be little doubt that

the present extension of ice in the Antarctic regions

is to a considerable extent due also to the influence of

eccentricity.

Let us now glance for a moment at the influence

which this state of things has at present on north-

ward-flowing currents. One result is that the south-

east trades are stronger than the north-east, and as a

consequence blow over on the northern hemisphere ten

or fifteen degrees beyond the equator. This has the

effect, as has been shown (' Climate and Time,' Chapters
V. and XIII., and other places), of impelling the warm
surface-water of the southern intertropical regions over

on the northern hemisphere. It is possible that the

greater strength of the south-east trades may to some

extent be due to the preponderance of ocean on the

southern hemisphere ;
but there can be little doubt

that it is mainly the effect of eccentricity.

The result of this transference of water from the

southern to the northern hemisphere is that the inter-

tropical waters of the northern hemisphere are between

three and four degrees warmer than those of the

* " Island Life," p. 142.
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southern. Another result which follows, as has also

been shown, is that the great equatorial currents arc

made to lie at some distance to the north of tin-

equator; hence, when they are iinj.i-ll.-.l against the

American and the Asiatic continents, and become

deflect^! northwards nnl southwards, the lar^-r por-

tion of the water goes to the north, and thus raises

the temperature of the northern hemisphere. Now, if

all this results as a consequence from the present small

amount of eccentricity, how much greater must have

been the effect during the glacial epoch, when the

eccentricity was more than three times its present

value, and the southern winter also, as now, in aphelion!
All those effects which we have just been cm*i-i

would then have been magnified far more than three-

fold.

Climatic Conditions of the Two Hemisphere* //-

Reverse 10,000 or 18,000 years ago : Argun
Ten or twelve thousand years ago, when our northern

winter solstice was last in aphelion, the climatic con-

ditions were in all probability the reverse of what they
are at present. Th.-re appears to be pretty good

geological evidence that such was the case. Tl.K

under the present small amount of eccentricity, shows

not only to what an extent climate is affected by
eccentricity, but also (and with this we are at present
more particularly concerned) that its tenoVney
cool the one hemisphere and warm the oth-

inlate the snow and ice on the one and melt

th. in .n tin- oth. -r. And this result, to a large oxt-nt.

is doubtless brought about by its influence on oceon-

nts.

There are good reasons for concluding, as Professor

J. <;> -ikic has fully shown,* that at a very recent date

K:II..JM ," p. 411.
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(during the time of the formation of the 40-feet raised

beach and the deposition of the Carse-clays) the climate

was much colder than it is at present. The seas sur-

rounding our island appear to have had a lower

temperature than they have at present ;
and our

Highland valleys seem to have been occupied by
local glaciers.*

The Carse-clays of Scotland are best developed in

the valleys of the Tay, the Earn, and the Forth.

These deposits consist of finely laminated clays and
silt. "Now and again," says Professor J. Geikie,

"the deposits consist of tough tenacious brick-clay,
which does not differ in appearance from similar

brick-clays of glacial age." The clay is usually free

from stones, but occasionally blocks of six inches or

a foot in diameter are found in it; and Professor

J. Geikie mentions having seen one four feet in

thickness. Stones of this size in a fine laminated

clay evidently indicate the presence of floating ice.

But, as Professor J. Geikie remarks,
"

it is rather the

general character of the clays themselves than the

presence of erratics which indicates colder climatic

conditions. The fine tenacious brick-clays are not

like the dark sludge and silt which now gather upon
the estuarine bed of the Tay, but resemble and in

some cases are identical in character with the lami-

nated clays of true glacial age with Arctic shells."

These Carse-clays, as he further remarks, appear in

a large measure to be made up of the fine
"
flour of

rock" derived from the grinding action of glaciers

* In a paper "On the Obliquity of the Ecliptic," read before the

Geological Society of Glasgow in 1867, I concluded that at the time

of the deposition of the Carse-clays the mean winter temperature
was probably 10 or 15 lower than at present, and the Gulf Stream

considerably reduced. See also ' Climate and Time,' pp. 403-410.



116 DISCUSSIONS IN CLIMATOLO*

which then occupied the Highland valleys, and from
which muddy waters escaped in large quantities in

summer, owing to the melting of the snow and ice.

In short, these Corse-clays appear to coincilr with the

most recent period of local glaciers.

1 'tiring that period some of the glaciers, as Professor

J. Geikie has shown, appear to have even reached the

sea-level. For example, at the mouth of Glen Bronx,

in Sutherland, there is a well-marked moraine with

large blocks resting upon, and apparently of the same

age as, the deposits of the raised beach.9 Mr. Robert

Chambers also observed moraine matter resting upon
the 30-feet beach at the opening of < -a, in

Arran. In many of the Highland sea-lochs, says
Professor J. Geikie, glaciers appear to have come
down to the sea and calved tin ir icebergs t

This, he thinks, is probably the reason why the 40-

50-feet beach is not often well seen at tin- hrods of

such sea-lochs. The glaciers seem in many cases to

have flowed on for some distance into the sea, and

thus prevented the formation of a beach nnl clitf-

line.

The greater magnitude and torrential character of

the rivers of that period were no doubt due to the

ii^ during summer of great masses of snow and

ice. The presence of the large Greenland whale, found

ntly in tin Carse deposits, would seem to indi-

cate a somewhat colder sea than now surrounds our

1. A decrease of temperature of the sea is what

would necessarily occur frmn a .slight liminuti

the volume of the Gulf Stn-mn, arMm: from tin-

greater deflect uatorial watrr into the southern

hen i

Another circumstance deserves notice here, as it

Trthi-.t'.ric Europe," p. 111.
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seems to indicate that the climatic conditions of the

two hemispheres were at the period of the Carse-clays

the reverse of what they are at present. During that

period the sea stood higher in relation to the land than

it does at the present time. To this circumstance

alone no great importance can be attached ;
but when

we consider, in addition, that submergence has almost

invariably accompanied glaciation, we may regard it

as highly probable that the submergence at the period
in question was the result of a greater amount of ice

on the northern hemisphere and a less amount on the

southern than now. This probability is further in-

creased by the fact that during the growth of the

ancient Forest, which immediately underlies the Carse-

clays, and indicates a condition of climate even more

warm and equable than the present,* the sea stood

not only higher in relation to the land than it did

during the time of the deposition of the Carse-clays,
but somewhat higher than it does at present. The
buried Forest, doubtless, belongs to the period 10,000
or 12,000 years prior to that of the Carse-clays/f when
the winter solstice was in perihelion; and at this time,

owing to a somewhat greater amount of eccentricity
than at present, the quantity of ice on the southern

hemisphere might be expected to be greater, and that

on the northern less, than now.

Thus, when the northern winters were last in

aphelion there was a rise of sea-level, resulting,

doubtless, from a preponderance of ice on the

northern hemisphere; but when the buried Forest

flourished, 10,000 or 12,000 years prior, the winters
* Those who doubt the equable and warmer character of the climate

of the submarine Forest-bed period should study the mass of evidence

on this point given in "
Prehistoric Europe."

f For the probable dates of the Carse-clays and the submarine

Forest-beds, see 'Climate and Time,' p. 407.
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were in perihelion, and there was a fall of sea-level,

due, in all likelihood, to the preponderance of ice on

the southern hemisphere. But this is not all: th<-

strata which underlie the buried Forest bear \v

to another rise of sea-lev. 1.

These changes of climatic conditions and oscillations

of sea-level, which took place during the latter part of

the Postglacial period, are just what should have taken

place on the supposition that they were the result of

those astronomical and physical agents which we \\-.\\**.

been considering. Thus, immediately preceding tin*

Present period, wo have that of the 25- an<l

raised beaches and the Carse deposits, which indicate

that the climate was then more severe Jinl the sea

somewhat colder and .standing at a hi-ln r level than

at present. Now, during this K ril, our

northern winter solstice was in aphelion, anl tin-

condition of things is exactly what, according to

theory, we ought to expect

Preceding the period of the Carse-clays came that

of the 1 mi' -I Forest, when the climate was even m>iv

1 and equable than at the present <lay. tin- (Julf

Stream larger and the sea at a lower level than now.

Now, during this period, the winter solstice was in

perihelion, and the eccentricity somewhat greater than

at present; and here again we have exactly that con-

<litiin <>f things which, according to theory, I

to expect It would be very sinpul.n in

no physical connect!* n th-- c..n.litins

uiul the causes to which I have IM-.-M jittrihutin^ them,

add certainly be singular were all these >in

At one time I thought ('Climate and Time,' p. 409) that thr

40-feet beach might belong to a period 50,000 years prior to the

Carte-clays ; but I am now satisfied that the two beachea both belong

to the period of the Cane clays, aa Professor J. Geikie has shown in

ehiatoric Europe," Chap. XVI.
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cidences purely accidental. These changes have all

been so recent, geologically speaking, and so general and

widespread in their character, that they cannot reason-

ably be attributed to any known geographical changes.
If we admit, then, that they were the result of those

astronomical and physical agents to which I have

referred them, we must also admit that those agents
were as efficient in producing a warm and equable
climate as in producing a cold and severe one. We
must further admit that, with a very small amount of

eccentricity, widely marked differences of climatic

conditions are brought about on the two hemispheres ;

that, when the winters are in perihelion, the melting
of the snow and ice and the increase of the Gulf

Stream and other northward-flowing currents are as

necessary a result as were the formation of the snow
and ice and the decrease of the Gulf Stream and those

currents when the winters were in aphelion. And if

this holds true in reference to recent and postglacial

times, when the eccentricity was small, it must, for

reasons which will presently be stated, hold true in a

higher degree in reference to the glacial epoch, when
the eccentricity was more than three times its present
value.

The Mutual Reaction of the Physical Agents in
Relation to the Melting of the Ice. When the winter

solstice is in aphelion it sets in operation, according to

theory, as has been shown, a host of physical causes

the tendency of which is to produce an accumulation

of snow and ice
;
but when the solstice-point moves

round to perihelion the tendency of these causes is

reversed, and they then undo what they had previously
done they melt the snow and ice which they had

just produced. The action of the causes being
reversed, the effects are reversed. But it must be
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observed that the greater the amount of the eccen-

tricity, the greater will be the effect resulting from

the combination of these physical agents, whether that

effect be the production of snow and ice on the cold

hemisphere, or the melting of them on the warm,
wlnther it be their production when the winter sol-

of a hemisphere is in aphelion, or their melting
when that solstice is in perihelion.
We have, however, to take into account not m*

the action of the physical agents, but their mutual

reactions on each other. The effect of this mutual

reaction is very striking. Not only do the physical

agents, in their actions, all lead to one result, viz., an

accumulation of snow and i the winters niv in

aphelion, but their efficiency in bringing about this

result is actually strengthened by their mutual re-

actions. To illustrate this effect I may quote t!v-

following from Chapter III. of this volume
4 To begin with, we have a high state of eccentricity.

This leads to long and cold winters. The cold leads to

snow, and although heat is given out in the formation

of tin- sn< 10 final result is that the snow int. n-

sifies the cold: it cools the air and leads to Mil! nmn-

. The cold and snow bring a third a^-nt into

play /(*/*, which act still in the same dir-ctin. The

fogs intercept the sun's rays; thi> int< n
j
ti<>n of the

rays diminishes the melting-power of the sun, and so

increases the accumulation. As the snow ;u.

nue to accumulate, more and more of the rays are

:T; and on the other hand, as the rays continue

to be cut off, the rale of accumulation increases,

because the quantity of snow and ice melted

becomes thus annually less and less. In u-Lliti- n.

th- loss of the rays cut of!" l.y tip- fogs lower

f th- air anl 1m- :
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formed, while again the snow thus formed chills the

air still more and increases the fogs. Again, during
the winters of a glacial epoch, the earth would be

radiating its heat into space. Had this loss of heat

simply lowered the temperature, the lowering of the

temperature would have tended to diminish the rate

of loss
;
but the result is the formation of snow rather

than the lowering of the temperature.
*

Further, as snow and ice accumulate on the one

hemisphere they diminish on the other. This increases

the strength of the trade-winds on the cold hemisphere
and weakens those on the warm. The effect of this is

to impel the warm water of the tropics more to the

warm hemisphere than to the cold. Supposing the

northern hemisphere to be the cold one, then, as the

snow and ice begin gradually to accumulate, the

ocean-currents of that hemisphere, more particularly
the Gulf Stream, begin to decrease in volume, while

those on the southern or warm hemisphere begin pari

passu to increase. This withdrawal of heat from the

northern hemisphere favours the accumulation of snow
and ice, and as the snow and ice accumulate the ocean-

currents decrease. On the other hand, as the ocean-

currents diminish, the snow and ice still more
accumulate. Thus the two effects, in so far as the

accumulation of snow and ice is concerned, mutually

strengthen each other.'

With all this Mr. Wallace seems fully to agree ;
for

at pp. 137-140 (" Island Life ") he gives a very clear

statement of the effect of these mutual reactions in the

production of glaciation, and says that were it not for

them it is probable the astronomical and other causes

would not in our latitudes have been sufficient to

produce glaciation. In short, he concludes that these

reactions "
produce a maximum of effect which, with-

12
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out their uiil, would be altogether unattainable." Mr.

Wallace thus does full justice to these mutual reacti* -n-

in so far as the production of glociation is concerned ;

but I am convinced that he must have unI r-estimated

th.-ir importance as regards the removal of the glacia-

tion. He, however, recognises the fact that these

mutual reactions produce an opposite effect on the

warm hemisphere whose winters are in perihelion.

These agencies," he says, "are at the same time

acting in a reverse way in the south. -rn hmi Uphere,

diminishing the supply of the moisture carried by the

anti-trades, and increasing the temperature by means

of more powerful southward ocean-run, nts
; and all

this again reacts on the northern hemlsph. n-. increas-

ing yet further the supply of moisture by the more

powerful south-westerly winds, while still further

lowering the temperature by the southward diversion

of the Gulf Stream."

Now, if, during the glaciation of the northern hemi-

sphere, these mutual relations produce th- opposite
effect on the southern hemisphere, it is < \ i 1< nt that

they must produce this same opposite effect on tin-

northern hemisphere when its winter solstice is in

]M rihelion. Their effect then would be to increas. th,-

temperature and melt the ice. When the winter sol-

is moving towards the aphelion, the physical

agents begin to act and react on one another, and

this action and reaction go on increasing in int. -n-

-ity till the solstice-point reaches the aphelion; hut

an exactly similar thing is going on in tie- oth.-r

nly the effects are the re\ r Whi-
ttle actions and reactions leading to an accumu

HIV increasing in int. n^ity, we shall suppose, on

th.- northern h.-m. '..- MUM H|BJtMt fa taking

place on the south' rn hi-m: i-ut the r->ultis a
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melting, not an accumulation of the ice. The same

process is undoing on the southern hemisphere what
it is doing on the northern. Similarly, of course,

when the northern winter solstice begins to move
towards the perihelion, the mutual reactions of these

physical causes will be reversed and will go on with

increasing intensity till the perihelion is reached,

melting the very ice which they had previously

produced.
We have already seen that the greater the extent of

the eccentricity the greater is the effect resulting from

the actions of the physical causes, whether this effect

be the production of ice on the cold hemisphere, or its

removal from the warm. It is evident that the same

thing must necessarily hold true in regard to the

mutual reactions of the physical causes. Conse-

quently, if the mutual actions and reactions of the

physical causes, brought into operation during a high
state of eccentricity, led at the Glacial Epoch to the

great accumulation of ice when the winters were in

aphelion, they must have led to an equally great

melting and dispersal of that ice when precession

brought the winters round to perihelion. These

causes would be as efficient in the removal of the

ice as they were in its production. In so far as the

physical and astronomical causes were concerned, the

greater the amount of ice formed during the cold

periods the greater would be the amount melted

during the warm interglacial periods.

This conclusion follows so obviously from the fore-

going principles that it seems almost superfluous to

dwell further on the subject, the more so as it will be

seen in the next chapter that the correctness of the

conclusion is established by the facts of geology and

palaeontology.
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Another Reason Assigned why the Ice does not

M r. Wallace assigns the following as an

additional reason why the ice does not disappear

during the interglacial periods when the C(

is high:
\Vh.-n a country is largely covered with ice, we

may look upon it as possessing the accumulated or

stored-up cold of a long series of preceding winters ;

and however much heat is poured upon it, its tempera-
ture cannot be raised above the freezing-point till tlmt

store of cold is got rid of that is, till the ice is all

melted. But the ice itself, when extensive, tends to

its own preservation. e\vn und-r the influence of heat;

for the chilled atmosphere becomes filled with fog, and

this keeps off the sun-heat, and then snow falls even

during summer, and the stored-up cold does not

diminish during the year. When, however, only a

small portion of the surface is covered with i<

exposed earth becomes heated by the hot sun -. this

warms the air, and the warm air melts the adj

ice. It follows that, towards the equatorial limits of

a glaciated country alternations of climate may occur

during a period of high eccentricity, whil.- n.-ar.-r til--

Pole, where the whole country is comj"
1

no amelioration may take place."
*

For the past twenty years I have been maintaining
when a country is covered with ice, it becomes a

permanent source of cold; and however mud.

may be received from the sun, the temperature of the

v can never be raised nl
| freezing-point.

while tl.. iains
; and, again, n i<

ring tends to its own preservation, hecauso it

chills the uir and increases the snowfall. In short, I

have all along nmmtain<-d this to have been one of th-

154.
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chief causes which led to the country being so deeply
covered with ice. In fact, had it not been for some
such conservative power in the ice, a glacial epoch

resulting from the causes which I have been advocating
would not have been possible. This conservative

tendency certainly renders it more difficult for the

physical agencies to get rid of the ice during inter-

glacial periods; but we evidently have no grounds for

assuming that it will defy their melting-powers.



CHAPTER VIII

EXAMINATION OF MR. ALFRED R. WALLACE'S MODIFICA-

TION OF THE PHYSICAL THEORY OF SECULAR CHANGES
OF CLIMATE Continued.

Professor J. Gcikie on Condition of Europe daring Interglacial
Periods, Scotland daring Interglacial Periods. Difficulty in

Detecting the Climatic Character of the Earlier Interglacial
Periods. Objection as to the Number of Interglacial Pi.

Objection as to the Number of Submergences. Interglacial
Periods less strongly marked in Temperate Regions than GlaciaL

II. Geological and Palceontctogical Facts in relation

to Mr. Wallace's Modification of the Theoi

Mr. Wallace's chief, and indeed only real, modification

of my theory, is to the effect, as I have pointed ooi

the alternate phases of precession, causing th< \

of each hemisphere to be in aphelion and
j

-rili. -li"n

each 10,500 years, would produce a complete change
iinate only when a country was partially snow-

According to his view, when the greater part
of North-western Europe was almost wholly buri. ,1

under snow and ice, those glacial conditions must
have cmi tinned, and perhaj>

-ili-l, when the winter so muml to

tead of being leplaced, as I lm\v nmin-

1. l.y an almost
\

In -l:rt. Mi-.

Walla/-.-'- in is tliat. -luring the Glaci/il I

proper, a warm anl jnal.l. Ii ! \\ riod could

..(urn -1.
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In the preceding chapter, I have endeavoured to

show that physical principles do not warrant such a

conclusion. I shall now proceed to consider what the

direct testimony of Geology and Palaeontology is on

the subject ;
and I believe we shall find that the facts

of Geology and Palaeontology are as much opposed to

the conclusion as are the principles of Physics.
On this point I may quote the evidence of a

geologist who, more than any other, has devoted

special attention to all points relating to Glacial and

Interglacial periods. Prof. J. Geikie, after devoting

upwards of five hundred pages of his "Prehistoric

Europe" to the consideration and accumulation of

facts from all parts of this country and the Continent

relating to Glacial and Interglacial periods, gives the

following as the result of his investigations :

" We note," he says,
" as we advance from Pliocene

times, how the climatic conditions of the colder epochs
of the Glacial Period increase in severity until they
culminate with the appearance of that great northern

mer de glace which overwhelmed all Northern Europe,
and reached as far south as the 50th parallel of lati-

tude in Saxony. Thereafter the glacial epochs decline

in importance, until, in the Postglacial Period, they
cease to return. The genial climate of Interglacial

ages probably also attained a maximum towards the

middle of the Pleistocene Period, and afterwards

became less genial at successive stages, the temperate
and equable conditions of early Postglacial times being

probably the latest manifestation of the Interglacial

phase."
*

I shall now quote the same author's description of

an Interglacial Period as demonstrated by its flora

and fauna. The reader must, however, observe that,

* "Prehistoric Europe, p. 561.
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by Pleistocene Period, Professor means the so-

called Glacial Period, with its alternations of severe

Arctic climate and mild and genial conditions. *

" An examination/' he says,
" of Pleistocene organic

remains leads us to conclude that strongly-contrasted
climatic conditions alternated during the Period. At

one time an extremely equable and genial climate

prevailed, allowing animals, which are now relegated
to widely-separated zones, to live throughout the year
in one and the same latitude. Hippopotamuses,

elephants, and rhinoceroses, Irish deer, horses, oxen,

and bisons then ranged from the borders of the

Mediterranean as far north at least as Middle Eng-
land and Northern Germany. In like manner, plants
which no longer occur together some being bani>h. !

to hilly regions, while others are restricted to low

grounds, and yet others have retreated to the extn -\\\<>

south of the Continent or to warmer regions 1.,
y-.n-l

the limits of Europe lived side by side. Tli

the judas-tree, and the Canary laurel flourish, d in

Northern France along with the sycamore, tin- ]

and tin- \vill>w. And we cncountrr in t ocene

deposits of various countries m Europe the same

remarkable commingling of northern and south- m
forms of forms that demand a humid climate and

are capable of enduring considerable cold, to<_

with s|..ri.^ which, while seeking moist condition^,

ould not Mirvivr the cold of our present wint. r

The testimony of the mammals and plants i^ confirm. !

iat of the land and fiv>h-wat. r mllusca all tin-

ner thus ci.n^pirin^ to d-mon.strate that the

climate of PI- rope was, for some tin

all events, remarkahly and soim-what humid.
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The summers may not indeed have been warmer than

they are now
;
the winters, however, were certainly

much more genial."
*

This, be it observed, is a description of a condition

of things which existed during an Interglacial Period

belonging, not to the close, but to the very climax of

the Glacial Epoch. For, immediately preceding and

succeeding this Period, almost the whole of Northern

Europe was enveloped in one continuous sheet of ice.

" But if," continues Professor J. Geikie,
" the evidence

of such a climate having formerly obtained be very

weighty, not less convincing are the proofs, supplied

by the Pleistocene deposits, of extreme conditions.

Think what must have been the state of Middle and
Northern Europe when Palaeolithic man hunted the

reindeer in Southern France, and when the Arctic

willow and its congeners grew at low levels in Central

Europe. Reflect upon the fact that in the very same

latitude in France, where at one time the Canary
laurel and the fig-tree flourished, the pine, the spruce.,

and northern and high-alpine mosses at another time

found a congenial habitat. Bear in view, also, that

the land and fresh-water molluscs testify in like

manner to the same strongly
- contrasted climate.

Besides those that tell of more equable and genial
conditions than the present, there are species now
restricted to the higher Alps and northern latitudes

that formerly abounded in Middle Europe, and theii

shells occur commingled in the same deposits with the

remains of lemmings, marmots, reindeer, and other

northern and mountain-loving animals."
*(

But more convincing still is another range of facts,

some of which have been adduced by Mr. Wallace

* "
Prehistoric Europe," p. 540.

t Ibid, p. 541.
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If. In a section on alternations of warm and
cold periods during the Glacial Epoch,* he says :

.- evidence that such was the case" (alternate

warm and cold periods) "is very remarka 1

'Till,' as we have seen, could only have been for

when the country was entirely buried under a large
icet of enormous thickness, and when it must

therefore have been, in all the parts so covered, almost

entirely destitute of animal and vegetable life. But

in several places in Scotland fine layers of sand and

gravel, with beds of peaty matter, have been found

r.-tiiiir on Till/ and again covered by 'Til:

times these intercalated beds are very thin. 1-ut in

other cases they are twenty or thirty feet thick, and
in tin -in have been found remains of the extinct ox,

the Irish elk, the horse, reindeer, and mammoth. Hero

we have evidence of two distinct ]i.-rio<ls of ii,-

coll, and an intervening miM. r ].eri"d >utHci-ntly

prolonged for the country to become covered with

vegetation and stocked with animal life."

Let us now see to what all this leads. It

proved beyond the ]*> <>f a doul t the

Till was being formed which <-, ,-l\e* the

Scottish interglacial beds, the whole of Scotland,

Scandinavia, the bed of the North Sea, and a great

part of the North of England were covered with one

MUOUS sheet of ice upwards of 200'

thickness. This sheet overwhelmed tin- H.

Orkney and Shetland Islands, extended into Russia,

filled the basin of the Baltic, overflowed Denmarl.

and advanced into North (iermany a- far at

least as Ifc-rlin. It has also In * n d.-mnn-trate.l t)iat.

ut the time t' r Till was being formed \\hieh

I these i.tl beds, North - w-

ifc,",. ill.
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Europe was under a still more severe state of glacia-

tion. The ice-sheet at this time advanced farther

south into England, and extended into North Germany
as far as Saxony. It is perfectly obvious that this

sheet must have destroyed all plant and animal life in

Scotland
;
and before the country could have become

covered with vegetation and stocked with those inter-

glacial animals to which Mr. Wallace refers, the ice

must have disappeared and the climate become mild.

Equally conclusive are the facts adduced by Mr.

Wallace in reference to the interglacial beds of

England. "In the east of England, Mr. Skertchly," he

says, "enumerates four distinct boulder-clays with

intervening deposits of gravels and sands. Mr. Searles

V. Wood, jun., classes the most recent (Hessle) boulder-

clay as 'Postglacial,' but he admits an intervening
warmer period, characterised by southern forms of

mollusca and insects, after which glacial conditions

again prevailed with northern types of mollusca.

Elsewhere Mr. Wood says :

'

Looking at the presence
of such fluviatile mollusca as Cyrena fluminalis and

Unio littoralis, and of such mammalia as the hippo-

potamus and other great pachyderms, and of such a

littoral Lusitanian fauna as that of the Selsea bed,

where it is mixed up with the remains of some of

those pachyderms, as well as of some other features,

it has seemed to me that the climate of the earlier

part of the Postglacial Period in England was possibly
even warmer than our present climate

;
and that it

was succeeded by a refrigeration sufficiently severe to

cause ice to form all round our coasts, and glaciers to

accumulate in the valleys of the mountain districts.'
"

That these fauna indicate a warm and equable con-

dition of climate is further evident from Mr. Wallace's

remarks :

" The fact," he says,
" of the hippopotamus
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having li\vd at 54 N. lat. in England, quite close to

Die time of the Glacial Epoch, is absolut* 1\ inconsistent

with a mere gradual amelioration of climate from that

tiin* till the present day. The immense quantity of

Actable food which this creature requires, implies a
iniM and uniform climate with hardly any se\

winter; and no theory that has yet been suggested
renders this possible, except that of alternate cold and

warm periods during the Glacial Epo< . . .

Tim ry existence of thr hippopotamus in

Yorkshire, as well as in the south of England, in close

association with glacial conditions, must be held to be

a strong corroborative argument in favour of :

reality of an interglacial warm peri

I trust that Mr. Wallace has not been misled by
Mr. Wood's unfortunate use of th t. Tin "Postgl;:

as applied to the Hessle bould. : Tin- Hessle

boulder-clay as surely belongs to the Glacial Peri<"l

proper as does the true Till of Scotland, which covers

the Lowlands and overlies the interglacial beds of

that country. It is the moraine profonde of the last

merde glace, which covered the greater part of N.rth-

western Europe. The Upper Till of Scotland and :

Hessle boulder-clay of England belong to the same

i<xl. This has been clearly shown by Professor J.

;i his "Great Ice-Age," chap. xxx. (2nd edit),

Prehistoric Europe," chap, xii., and -!M \\ h.

i short, a continuation of

the Upper Till of Scotland.

position of t: II !> beds to which Mr.

Wallac.- rafen, lik<- that i.f tin- iir

Scotland, is between two bould.

and tin- Purple bould-r-clnys. l,,,th if whicli indicate

a period of extreme gla< -nly the Purple
1 was somc^
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of the two. At both periods, the greater part of

North-western Europe was buried under ice. We
know that during the last great ice-period, which was

undoubtedly the period of the Hessle boulder-clay,

the ice -sheet reached in North Germany as far as

Berlin; while during the period of the Purple boulder-

clay it advanced to about Saxony.
The accompanying chart, reproduced from * Climate

and Time,' which was sketched out during the summer
of 1870, shows pretty correctly the condition of North-

western Europe both before and after the interglacial

period referred to by Mr. Wood. The observations of

Professor J. Geikie and Mr. A. Helland have since

shown, however, that the Scandinavian land-ice did

not pass over the Faroe Islands, as represented in the

chart ;
but the chart has, in almost every other parti-

cular, been now proved by geologists to be accurate.

The chart exhibits in a striking manner the enormous

amount of ice which must have been melted off the

ground before the warmth of the interglacial period
could even have commenced.

The observations of Prof. Torrell, Dr. A. Penck,
Prof. Credner, Prof. Berendt, Dr. Jentzsch, A. Helland

F. Wahnschaffe, H. Habenioht, and other geologists,

have shown that there are in North Germany three

distinct boulder-clays an TJpper, Middle, and Lower,
with two series of interglacial beds. In these inter-

glacial beds have been found qrganic remains which

evidently indicate a mild and genial condition of

climate, The younger interglacial period (the one

prior tQ tihe last great extension of the ice) in all

probability corresponds to the last interglacial period
of Scotland, England, and Ireland. Interglacial beds

belonging to the same period have been found in

Switzerland, Italy, Denmark, North America, and other

13
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places, all indicating a mild and equable condition of

climate.

There is another class of facts, almost <

looked, which will doubtless yet prove as conclusively

the warm character of interglacial periods These

facts will be referred to when we come to con

the question of warm polar climates.

It would be impossible at present to give even the

briefest outline of the recent discoveries in regard to

interglacial periods. But though this were possible

it would be wholly unnecessary, as the facts which

have already been adduced by Mr. Wallace himself

are perfectly sufficient for our present purpose.
If now it be true, as it undoubtedly is, that the

Hessle boulder-clay of England belongs to the same

age as the Upper Till of Scotland, and that the last

warm interglacial period when the Cyrenaji
and Unio littoralis, the hippopotamus, the El

antiques, and other animals of a southern type live.l

in England occurred between two glacial periods so

severe as to envelop the greater part of North-w-

Europe in a continuous sheet of ice. then thU particular

interglacial period must have supervene. 1 lurin_r a

high state of eccentricity, and not, as Mr. Wallace

assumes, at a period subsequent to the Glacial Epoch

proper, when the eccentricity had greatly diniin.

; the last great ice-sheet could

have been produce' 1 without a hi-h state of ecccntri-

hen there seems no reason why the one preceding
uM not also have been produced without high

eccentricity. If so, then all the previous
in like manner have been so produced. For the

difference in magnitude between the last and penulti-

mate ice-sheets was not so great as to warrant the

supposition of any considerable difference in tho
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amount of eccentricity at the two periods when these

ice-sheets were respectively developed. In short, if

the last great ice-sheet can be explained without the

supposition of a high state of eccentricity, then there

does not appear to be any real necessity for any theory
of eccentricity in accounting for the Glacial Epoch.

If we adopt the Physical theory of the cause of the

Glacial Epoch, we are compelled to maintain that the

last two great Ice-periods were the indirect results of

a high state of eccentricity, and in this case we can

hardly avoid the conclusion that the mild intervening

period was due to the same cause. The occurrence of

a mild interglacial period between the two ice-periods

is directly in opposition to Mr. Wallace's view that

during a high state of eccentricity the ice would not

disappear but be continued. It is in perfect harmony,
however, with that which I advocate

;
for during high

eccentricity a mild and equable condition of climate,

when the winters occur in perihelion, is as much a

necessary result as a cold and glacial condition when

they occur in aphelion.

The facts of Geology thus to me appear, so far, to be

as much opposed to Mr. Wallace's modifications as arc

the principles of Physics.

Difficulty in detecting the Climatic Character of the

Earlier Interglacial Periods. It follows according to

theory that, other things being equal, the greater the

amount of eccentricity the more equable and mild will

the interglacial periods be. It is probable, therefore,

that some of the earlier interglacial periods were

milder and more equable than the last. It may be

difficult, in the present state of our knowledge, to

prove this conclusion by direct geological and palseon-

tological evidence
; but, on the other hand, it is certainly

impossible to disprove it by that means. The absence
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of deposits containing organic remains, indicative of a

superior mildness of climate having obtained during

early interglacial periods, cannot certainly be regarded
as satisfactory evidence against the conclusion ju-t

referred to. When we consider the enormous pressure
and destructive power of an ice-sheet some 2000 or

3000 feet in thickness grinding down the face of a

country, our surprise is that so much evidence remains

n the last interglacial period That so f w
of the flora and fauna of preceding interglacial periods
have been preserved, is a conclusion which we might
d priori anticipate. This fact has been clearly pointed
out hy Mr. Wallace himself, who says:

"
If there luiv.-

been, not two only, but a series of such alternations of

climate, we could not possibly expect to find more
than the most slender indications of them, because

each succeeding ice-sheet would necessarily grind down
or otherwise destroy much of the superficial deposits
left by its predecessors, while the torrents that mu<t

always have accompanied the melting of these huge
masses of ice would wash away even such fragments
as might have escaped the ice itself."

*

When we pass beyond the limits reached by the

ice-sheets of the Glacial Epoch, we may expect, of

course, to find the remains of many of the plants and
animals which lived during the carli- r interglacial

periods. But here, again, we encounter another diffi-

culty ;
for we have in this case seldom any means of

mining the age to which thrse remains belong.
Unless in relation to overlying and und. -i-1\-in- l*mld. T-

there seems in many cases no way of knowing
t<> what interracial period they ought to be assigned ;

or, in fact, \\ h. th.T they are really interglacial or not.

If the remains in question indicated a condition of
* Island Life," p. 118.
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climate much milder than the present, the probability
is that they would be classified as preglacial. I fully

agree with Prof. J. Geikie, that many of those plants
and animals of a southern type which have been

regarded as preglacial are in reality of interglacial age.

Otyection as to the Number of Interglacial Periods.

It has been urged as an objection to the Physical

theory of the Glacial Epoch, that, according to it, there

ought to have been more interglacial periods than we
have direct evidence of having actually occurred. I

am doubtful as to the force of this objection. I do

not think that there could have been more than about

five well-marked interglacial periods during the entire

Glacial Epoch ;
three probably during the former half

of the epoch, and certainly not more than two during
the latter half. There would be a large interval

between the two maxima of eccentricity of 100,000
and 200,000 years ago, when the alternations of

climate would be comparatively moderate in extent.

Besides, it is not correct to assume, as is generally

done, that the interval between two consecutive inter-

glacial periods is only 21,000 years ;
for the mean rate

of motion of the perihelion during the Glacial Epoch
was considerably less than has been assumed. It will

be seen from the Table of the Longitude of the

Perihelion, given in ' Climate and Time,' p. 320, that

it has taken the perihelion 231,000 years to make one

complete revolution. If, therefore, we assume, what of

course is not certain, that the mean rate of precession

during the Glacial Epoch was the same as the present,
then the rate of precession to that of the perihelion's
motion would, in this case, be as nine to one. The

equinoxial point will take 25,811 years to make one

revolution
;
but as the perihelion moves in the opposite

direction, it will reduce the time taken by the point in
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passing from perihelion round to perihelion to 2:

years, which will represent the mean interval between

two consecutive interglacial periods. But as tin*

motion of the perihelion was very irregular, the length
of the interval between the periods would, of course,

tlitler considerably.
When we consider how difficult it must be to detect

in the drift covering glaciated countries even a rdic

of early interglacial deposits, and when, moreover \\

remember that it is only within the past few years
that geologists have begun to bestow any attention on

the subject, it is certainly not surprising that <i

geological evidence of so few interglacial periods has

as yet been discovered. In England, geologists have,

however, already detected evidence of three interglacial

periods, with four or five ice -periods. In Germany,

quite recently, two interglacial periods and three or

more ice-periods have been recognised by competent
observers. In Denmark there are four bouM-r-days
separated by intercalated beds of sand and clay. In

severely -glaciated Scotland, where traces of form, -r

interglacial periods can hardly be expected, there lm\<>

rtheless been found in old preglacial buii- 1

sis, and other sheltered hollows, three, four

in some places five, boulder-clays, separated fron

r ly ii in. nse beds of sand, gravel, and day.
Some of these beds are found to be continuous for long
distances. It is true that these intercalated beds have

!'d few or no organic remains, l.ut it may wdl !.

research will y-t result in tin- li>oovery
of more abundant fossils; for fn-.pi. ntly the IH-.N in

fju.
sti-.n ftre too thick and too ext- allow us

t inf. r tlu-ir subglacial origin. They do not in

such respects resemH> the deposits which 1

accumulate* 1 by aqueous action un-l.-r icv, lut Imv.-
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all the characteristics of deposits which have been laid

down in lakes and lacustrine hollows. As some have

already yielded organic remains, a more extended

scrutiny will probably lead to the discovery of similar

fossils in those beds which are at present believed to

be unfossiliferous.

Objection as to the number of Submergences. It

has also been urged as an objection to the Physical

theory, that, according to it, there ought to have been

a greater number of submergences of the land during
the glacial epoch than is known to have taken place ;

for according to the theory there ought to have been

a submergence to a greater or lesser extent correspond-

ing to each ice period. Submergence ought regularly
to accompany glaciation, and emergence the disappear-
ance of the ice

;
whereas geologists have detected only

about three such periods.
In reply to this objection, it will not do to estimate

the number of submergences by the number of observed

raised beaches or well-marked terraces. These in most

cases must have resulted from a subsidence of the

land, and not from a rise of the sea due to a displace-

ment of the earth's centre of gravity. Oscillations

of sea level resulting from an alternate increase and

decrease of ice would not likely produce well-marked

terraces. In order to cut a terrace the sea must

continue for a long period at the same level
;
but this

could hardly be expected in the case of a rise resulting
from the accumulation of ice

; for, according to theory,

the mass of the ice gradually increases till a maximum
is reached, when it then begins as gradually to decrease.

It is true that when the ice is near its maximum it

will change but slowly, and when at the turning point
it may remain stationary for centuries before any
sensible decrease takes place. In this case it might in
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some places leave its mark in the form of a terrace or

a raised beach
;
but no doubt, such cases would be

exceptional. The condition of things becomes fu

complicated by another cause referred to in
' Climate

and Time
'

(p. 388), which will occasionally come into

operation ; viz., a lowering of the general level of the

ocean resulting from the abstraction of the ice, or a

rise resulting from a general decrease of the ice.

The submergences and emergences arising from dis-

placement of the earth's centre of gravity would of

course leave evidence of their existence in the form of

stratified deposits; but, as we have already seen, no

one could possibly determine from such deposits tli<>

number of elevations or depressions of sea level which

actually took place.

I think it is probable, however, that some of the

more recent well-marked changes of sea level, such as

those indicated by the Carse-clays and the submarine

Forest-beds, were due to displacements of the earth's

centre of gravity. I am inclined also to believe that

the rise of the land, or ratlu r tlx lowering of the sea

level during the interglacial or continental period^, in

many cases, resulted from the same cause. If we admit,
with some geologists, that the sinking of the land wits

due to the weight of the ice, we shall have an explana-
of glacial submergences; but such a theory will

wise explain the elevation of the land during the

Mental periods. J' the removal

might allow the land to regain its former 1< \. 1 ; l.m

its removal could havr no tendency to mi-.- th land

above that h;v 1.

6 Whole 1 : Mll>lin-r^-iuv i-> ton

obscure and complicated an affair to allow u- to

itli anything lik< -y, h..\v often

thf land iniu'ht ) :i undT \\atrr duriniT the

d rJiOCh.
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Interglacial Periods Less Strongly Marked in Tem-

perate Regions than Glacial. I quite agree with Mr.

Wallace that the interglacial deposits never exhibit

any indication of a climate whose warmth corresponded
to the severity of the preceding cold. This, however,

cannot be urged as an objection, for it is a result which

follows as a necessary consequence from theory. It

theoretically follows that the cold of the glacial periods
will not only exceed in severity the heat of the inter-

glacial, but will also be of longer duration. During
the glacial periods extreme cold is the characteristic

of the winters, which, owing to the presence of snow

and ice, only becomes moderated, although, of course,

considerably, during the summers. But, on the other

hand, during interglacial periods mildness and equa-

bility of temperature rather than heat are the

characteristics both of summer and winter.

That the cold of the glacial periods must have con-

tinued longer than the warmth of the interglacial will,

I think, be apparent from the following considerations.

As long as a country remains permanently covered

with snow and ice, the climate, as has been repeatedly

shown, must continue cold, no matter what the direct

heat of the sun may be. Astronomically considered,

the interglacial periods are, of course, of the same

length as the glacial, the mean length of which,

during the Glacial Epoch, was about 11,600 years;
but the cold of a glacial period would not, as we shall

presently see, actually terminate at the end of the

period, but would be continued on probably for cen-

turies into the succeeding interglacial period. Suppose
that during a glacial period the country is covered

with a sheet of ice, which, during the continuance of

the period, had accumulated to the thickness of 2000

or 3000 feet. All this enormous quantity of ice would
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have to be melted off the ground before the warmth of

the interglacial period would commence. So long as a

single inch of ice covered the surface of the country,

the cold would continue. Ice, as we have seen, by

chilling the air, induces fresh snow to fall
; and, of

course, it is only when the amount of ice annually
melted exceeds that being formed from the falling

snow, that a diminution in the thickness of the sheet

would begin to take place. A real melting of the ice,

and consequent decrease in the thickness of the sheet,

1 probably not commence till the astronomical

and physical agencies in operation durin_r the glacial

period began to act in an opposite direction. In short,

it would be the favourable conditions of tin int. T-

glacial period that would effectually remove the ice
;

and it would be then, and only then, that the warmth
would begin ; while, again, at the close of the period,

when the first inch of ice made its appearance on the

surface of the country, the interglacial condition of

climate would come to an end. The time required to

remove the ice does not prevent an interglacial con-

<liti<n of climate; it only somewhat shortens its

Munition.

another circumstance worthy of no;

this: as tin- mild and equable character of th<>

climate during interglacial periods resulted to a ;

extent from the enormous transference of equatorial

heat, and its distribution <>\<r temperate and polar

regions, the difference of climatic conditions beh\<< n

the subtropical and the temperate and polar regions
would be less marked than at j.n-s,-nt ; in th-r words,
the temperature wonM imt differ so much with latitude

elusion which i- fully home out by geological and

patoontological facts.



CHAPTER IX.

THE PHYSICAL CAUSE OF MILD POLAR CLIMATES.

The Probably True Explanation. Sir William Thomson on Mild

Arctic Climates. Mr. Alfred R. Wallace on Mild Arctic

Climates. Influence of Eccentricity during the Tertiary
Period.

THERE are few facts within the domain of geology
better established than that at frequent periods in the

past the polar regions enjoyed a comparatively mild

and equable climate, and that places now buried under

permanent snow and ice were then covered with a

rich and luxuriant vegetation. Various theories have

been advanced to account for this remarkable state of

things, such as a different distribution of sea and land,

a change in the obliquity of the ecliptic, a displace-

ment in the position of the earth's axis of rotation,

and so forth. The true explanation will, I feel per-

suaded, be found to be the one I gave many years ago.

The steps by which my conclusions were reached were

as follows :

The annual quantity of heat received from the sun

at the equator is to that at the poles as 12 to 4*98, or,

say, as 12 to 5. This is on the supposition that the

same percentage of rays is cut off by the atmosphere
at the equator as at the poles, which, of course, is not

the case. More is cut off at the poles than at the

equator, and consequently the difference in the

amount of heat received at the two places is actually
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greater than that indicated by the ratio 12 to 5. But,

assuming 12 to 5 to be the ratio, the question arose

what ought to be the difference of temperature between

the two places in question on the supposition that the

temperature was due solely to the direct heat rec>

from the sun? This was a question difficult to answer,

for its answer mainly depend ! upon two con-

siderations, regarding both of which a very consM-r-

able amount of uncertainty prevailed.

t, it was necessary to know how much of the

total amount of heat received by the earth was derived

from the sun, and how much from the stars and oth.-r

sources, or, in other words, from space. Absolute ero

is considered to be 461 Fahr. The temperannv
of the equator is about 80. This gives 541 Fahr.

as the absolute temperature of the equator. Now, were

all the heat received by the earth derived simply from

the sun, and were the temperature of each place pro-

portionate to the amount directly r< iv <1. th.-n the

absolute temperature of the poles would be T
'
T of that

of the equator, or 225. This would give a difference

of 316 between the temperature of the equator and

that of the poles. According to Pouillet and Herschel,

space has a temperature of 239, or 222 of absolute

temperature. If this be the temperature of space,

then only 319 of the absolute temperature of tin-

equator are derived from the sun
; consequently, as

the poles receive from the sun only -f^ of this amount

of temperature, or 133, this will gi\. m.
\\-\y 186 as

the difference which ought to exist between tin-

equator and the poles. There is, however, good
reason for believing that the temperature of space
is far less than that assigned by Pouillet an<l H

that, in fact .l.nMy n.-t far alcove absolute

zero. Therefore, by adopting HO high a trmjn -nituiv
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as 239, we make the difference between the tempera-
ture of the equator and that of the poles too small.

Second, it was necessary to know at what rate the

temperature increased or decreased with a given
increase or decrease in the amount of heat received.

It was well known that Newton's law that the

change of temperature was directly proportionate to

the change in the quantity of heat received was far

from being correct. The formula of Dulong and Petit

was found to give results pretty accurate within

ordinary limits of temperature. But it would not

have done, in making my estimate, to take that

formula, if I adopted Herschel's estimate of the tem-

perature of space ;
for it would have made the

difference of temperature between the equator and

the poles by far too small. Newton's law, if we adopt
Herschel's estimate of the temperature of space, would

give results much nearer the truth
;
for the error of

the one would, to a large extent at least, neutralise

that of the other.

From such uncertain data it was, of course, impos-
sible to arrive at results which could in any way be

regarded as accurate. But it so happens that perfect

accuracy of results in the present case was not

essential
;
all that really was required was a rough

estimate of what the difference of temperature
between the equator and the poles ought to be.

The method adopted showed pretty clearly, how-

ever, that the difference of temperature could not

be less (although probably more) than 200; but the

present actual difference does not probably exceed 80.

We have no means of ascertaining with certainty what
the mean annual temperature of the poles is

;
but as

the temperature of lat. 80 N. is 4'5, that of the poles

is probably not under 0. If the present difference be

14
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80, it is then 120 less than it would be did the tern-

perature of each place depend alone on the

received directly from the sun. This great ivK
from about 200 to 80 can, of course, be due to no

other cause than to a transference of heat from tin-

equator to the poles. The question then arose, by
what means was this transference effected? Th-iv

were only two agencies available the transfer

must be effected either by aerial or by ocean

It was shown at considerable length ('Climate ami

Tim.-,' pp. 27-30, and other places) that tin- amount of

heat that can be conveyed from the equator to the

poles by means of aerial currents is tritlim;, and that,

consequently, the transference must be referred to the

currents of the ocean. It became obvious tln-n that

the influence of ocean-currents in the distrilution of

heat over the globe had been enormously unoVr-

estimated. In order to ascertain with greater

certainty that such had been the case, I resolved

on determining, if possible, in absolute measure, the

amount of heat actually being conveyed from the

equator to temperate and polar regions by means of

ocean-currents.

The only great current whose volume and tempera-
tmv had been ascertained with any degree of certainty

is the Gulf Stream. On comjuitin^ the absolute

amount of heat conveyed by that stream, it was found

to be more than equal to all the heat received from

the sun within \\'l miles on each side of the equator
The amount of equatorial heat carried into tem:

ami polar regions l.y this stream alone i^ th*

equal to one-fourth of all the heat ivci-ivd

the sun by the N<>rth Atlantic from the Tropic of

Cancer Up to the Arctic circle.* Although the hratin^-

(Minute and Time,' pp. 34, 35 ;

"
1'hil. Mng.," Frl.nmry.
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power of the Gulf Stream had long been known, yet
no one had imagined that the warmth of our climate

was due, to such an enormous extent, to the heat

conveyed by that stream. The amount of heat received

by an equatorial zone 64 miles in breadth represents,

be it observed, merely the amount conveyed by one

current alone. There are several other great currents,

some of which convey as much heat polewards as the

Gulf Stream. On taking into account the influence of

the whole system of oceanic circulation, it is not

surprising that the difference of temperature between

the equator and the poles should be reduced from

200 to 80.

From these considerations, the real cause of former

comparatively mild climates in Arctic regions becomes

now apparent. All that was necessary to confer on,

say, Greenland a condition of climate which would

admit of the growth of a luxuriant vegetation is

simply an increase in the amount of heat transferred

from equatorial to Arctic regions by means of ocean-

currents. And to effect this change of climate no

very great amount of increase is really required ;

for it was shown that the severity of the climate of

that region is about as much due to the cooling effect

of the permanent snow and ice as to an actual want of

heat. An increase in the amount of warm water

entering the Arctic Ocean, just sufficient to prevent
the formation of permanent ice, is all that is really

necessary ;
for were it not for the presence of ice the

summers of Greenland would be as warm as those of

England.
Were the whole of the warm water of the Gulf

Stream at present to flow into the Arctic Ocean, it

would probably remove the ice of Greenland. Any
physical changes, such as those that have been discussed



148 DISCUSSIONS IN CLIMA TOLOGY.

on former occasions, which would greatly increas

volume and temperature of the stream an<l Icfleet

more of its waters into the Arctic Ocenn wouM,
there is little doubt, confer on the polar regions a

climate suitable for plant and animal life. At present
the Gulf Stream bifurcates in mid-Atlantic, one brand)

passing north-eastwards into the Arctic regions, whiUt

the larger branch turns south-eastwards by the Azores,

and after passing the Canaries re-enters the equatorial
i it. As the Gulf Stream, like other great currents

of the ocean, follows almost exactly tin- path of the

prevailing winds*, it I .i furcates in mi< 1 -A "mply
because the winds blowing over it 1-ifurcate I

physical change which would prevent this bifurcation

of the winds and cause them to blow north-eastwards

would probably impel the whole of th- Cult S;

waters into the Arctic seas. All this doubtless might
quite well be effected without any geographical changes,

although changes in the physical geography of the

North Atlantic might be helpful
These considerations regarding the influence of the

(lulf Stream point to another result of an op;

character. It i.s thi* : if a large imcr< ' -, in the volume

ftiil t. -inperature of the stream wouM e-.nfVr on Green-

land and the Arctic regions a condition of clim.it>-

somewhat like that of North-west, i n Kun.p.-. it is

as has been shown at length on former

occasion . that a large decrease in its temperatui
DM \VM\iM. on the other hand, lead to a state of

tilings in North-western Kumpe approaching to that

h now prevails in Greenland.

a glacial, on increase to an interglaciol condition of

things.

Sir William Thornton on M '<*.

See 'Climate and Tin c,' p. 21.1.
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In a paper read before the Geological Society of

Glasgow in February, 1877, Sir William maintains also

that an increase in the amount of heat conveyed by
ocean-currents to the Arctic regions, combined with

the effect of Clouds, Wind, and Aqueous Vapour, is

perfectly sufficient to account for the warm and

temperate condition of climate which is known to

have prevailed in those regions during former epochs.
The following quotations will show Sir William's

views :

"A thousand feet of depression would submerge the

continents of Europe, Asia, and America, for thousands of

miles from their present northern coast-lines; and would

give instead of the present land-locked, and therefore ice-

bound Arctic sea, an open iceless ocean, with only a number
of small steep islands to obstruct the free interchange of

water between the North Pole and temperate or tropical

regions. That the Arctic sea would, in such circumstances,
"

be free from ice quite up to the north pole may be, I think,

securely inferred from what, in the present condition of the

globe, we know of ice-bound and open seas in the northern

hemisphere and of the southern ocean abounding in icebergs,

but probably nowhere ice-bound up to the very coast of the

circumpolar Antarctic continent, except in more or less land-

locked bays
"
Suppose now the sea, unobstructed by land from either

pole to temperate or tropical regions, to be iceless at any
time, would it continue iceless during the whole of the sun-

less polar winter 1 Yes; we may safely answer. Supposing
the depth of the sea to be not less than 50 or 100 fathoms,

and judging from what we know for certain of ocean-currents,

we may safely say that differences of specific gravity of the

water produced by difference of temperature, not reaching

anywhere down to the freezing point, would cause enough of

circulation of water between the polar and temperate or

tropical regions to supply all the heat radiated from the
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water within the Arctic circle during the aunlo

air contributed none of it. Just think of a current of three-

quarters of a nautical mile per hour, or 70 miles per four

days flowing towards the pole across the Arctic circle. The

area of the Arctic circle is 700 square miles for each mile of

its circumference. Hence 40 fathoms deep of such at

would carry in, per twenty-four hours, a little more than

water enough to cover the whole area to a depth of 1 fathom;

and this, if 7*'l Cent, above the freezing point, would bring in

just enough of heat to prevent freezing, if in twenty-four
hours as much heat were radiated away as taken from a tenth

of a fathom of ice-cold water would leave it ice at the freez-

ing-point This is no doubt much more than the actual

amount of radiation, and the supposed current is probably
much leas than it would be if the water were ice cold at the

pole and 7K) Cent at the Arctic ci; ith.-ut any
assistance from air, wo find in the convection of heat by
water alone a sufficiently powerful influence to prevent any

freezing-up in polar regions at any time <.f year."*

That an amount of warm water flowing into the

Antic Ocean, equal to that assmiir.l 1>\ Sir William

Thomson, along with the effects of clou<K \vinl, <h>\v,

and other agencies to which li \\ouM wholly
nt the existence of permanent i e regions,

is a conclusion which, I think, can hardly be doubted.

greatest deference that I venture to differ

so eminent a physicist ; but I am unable to

believe that such a transference of wai.-r i'p'm

al an- 1 temperate regioas could ! tK-cted by the

agency to which he attributes it. Certain!-.

amou at conveyed by means of a circulation

resulting from difference of specific gravity, prolu. - -1

by difference of t trilling

iivl with that of ocean-curr* nt- j-ro-luc*-! 1 y tli.-

Tnuu. of the Gol. Soc. of Olwgow, 22nd February, 1877.
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impelling force of the winds. Take, for example, the

case of the Gulf Stream. If the amount of heat

conveyed from intertropical regions into the North

Atlantic, by means of difference of density resulting
from difference of temperature, were equal to that

conveyed by the Gulf Stream, it would follow, as has

been proved,
* that the Atlantic would be far warmer

in temperate and Arctic than in intertropical regions.

Taking the annual quantity of heat received from the

sun per unit surface at the equator as 1000, the

quantities received by the three zones would be

respectively as follows :

Equator 1000
Torrid zone 975

Temperate zone . . . 757

Frigid zone 454

Assume, then, that as much heat is conveyed from

intertropical regions into the Atlantic and Arctic seas

by this circulation from difference of specific gravity
as by the Gulf Stream, and assume also that one half

of the total heat conveyed by the two systems of

circulation goes to warm the Arctic Ocean, and the

other half remains in temperate regions, the following
would then be the relative quantities of heat possessed

by the three zones :

Atlantic in torrid zone . . . 671
in temperate zone . 940
in frigid zone . . . 766

There is a still more formidable objection to the

theory. It has been demonstrated, from the

temperature
- soundings made by the 'Challenger'

Expedition,^ that the general surface of the North

* 'Climate and Time,' Chap. XI. ; "Phil. Mag.," March, 1874.

f
' Climate and Time,' pp. 220-225 ;

" Phil Mag.," September and

December, 1875; "Nature," November 25, 1875.
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Atlantic must, in order to produce equilibrium, stand

at a higher level than at the equator: in otln-r words,

the surface of the Atlantic is lowest at tin- equator,
and rises with a gentle slope to well nigh the latitu-1.-

of K n :; 1 a n 1 . This curious condition of things is o\\ i n^
to the fact that, in consequence of the enormous

quantity of warm water from intertropical regions
which is being continually carried by the Gulf Stream
into temperate regions, the mean temperature of tin-

Atlantic water, considered from its surface to the

bottom, is greater, and the specific gravity less, in

temperate regions than at the equat<
of this difference of specific gravity, the surface of the

Atlantic at latitude 23N. must stan. 1 '2 bbhfll

above the level of the equator, and at latitude 38N.
3 feet 3 inches above the equator. In this case it is

absolutely impossible that there can be a flow in the

Atlantic from the equatorial to the temperate regions

resulting from difference of specific gravity. If there

is any motion of the water from that cau-<-. it must,

in so far as the Atlantic is concerned, be in the opposite
from the temperate to the equatorial

All, or almost all, the heat which the Arctic MM
receive from intertropical regions in the form of warm
water comes from the Atlantic, ami not from the

i.- amount of worm water rut'-ring by
Bearing Strait must be comparntiv.l \ small. It there-

fore follows from the foregoing considerations that

none of that equatorial heat can be conveyed by a
ition resulting from difference of specific gravity

produced by difference of temperature.
It is assumed as a condition in this tln-ory that a

sul.im-r^ -nee of the Arctic land of several hundred f.-.-t

h.-i\i- tak. n }.luo in order to convert that land
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into a series of islands allowing of the free passage of

water round them. But the evidence of Geology, as

was shown on a former occasion,* is not altogether

favourable to the idea that those warm climates were

in any way the result of a submergence of the polar

land. Take the Miocene epoch as an example : all the

way from Ireland and the Western Isles, by the Faroes,

Iceland, Franz-Joseph Land, to North Greenland, the

Miocene vegetation and the denuded fragmentary state

of the strata point to a much wider distribution of

Polar land than that which now obtains in those

regions.

Mr. Alfred E. Wallace on MM Arctic Climates.

The theory that the mild climates of Arctic regions
were due to an inflow of warm water from intertropical

and temperate regions has also been fully adopted by
Mr. Alfred R. Wallace. But, unlike Sir William

Thomson, he does not attribute this transference of

warm water to a circulation resulting from difference

of density produced by difference of temperature, but

to currents caused by the impelling force of the wind.

Mr. Wallace shares in the opinion, now entertained

by a vast number of geologists, that during the whole

of the Tertiary period the climate of the north tem-

perate and polar regions was uniformly warm and mild,

without a trace of any intervening epochs of cold.

According to him, there were no glacial or interglacial

periods during Tertiary times. In this case he, of

course, does not suppose that the inflow of warm
water into Arctic regions, on which the mild condition

of climate depended, was in any way due to those

physical agencies which came into operation during
an interglacial period. Mr. Wallace accounts for the

mild Arctic climate during the Tertiary period by the

* "Geol. Mag.,
1 '

September, 1878.
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supposition that at that time there were probably
several channels extending from equatorial to Arc-tic

regions through the eastern and western continent*,

allowing of a continuous flow of intertropical water

into the Arctic Ocean, Mr. Wallace expresses his

vi. ws on the point thus:
" The distribution of the Eocene and Miocene forma-

tions shows that during a considerable portion of the

iry period an inland sea, more or less occupied

by an archipelago of islands, extended across C<

Europe, between the Baltic and the Black and Caspian
Seas, and thence by narrower channels south-eastward

to the valley of the Euphrates and the Persian (iult,

thus opening a communication bet \\vt-n the North

Atlantic and the Indian Ocean. From the Caspian,

also, a wide arm of the sea extended during some part
of the Tertiary epoch northwards to the Arctic Ocean;
and there is nothing to show that this sea may not

have been in existence during the whole Tertiary

period. Another channel probably existed over Egypt
into the eastern basin of the Mediterranean ami the

Black Sea; while it is probable that th< r>> was a

communication between the Baltic an-1 the White Sea,

leaving Scandinavia as an extensive island. Turn in.;

to India, we find that an arm of the aea of grvat width

and depth extended iVi-m the Bay of Bengal to the

months of thr Indus; while the enormous depression
indicated by the presence of marine i>^iK of Eocene

age, at a h.-i-ht of 1 <;,:>()<) fret in \\Ystern ThiU-t.

i not improbable that a more din ( t channel

across Afghanistan may have opened a communication

between the West-Asiatic and Mar an

My acquaintance with tin- Tertiary formations of

the globe, and with the distribution of land and water

"Islan 184.
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during that period, is not such as to enable me to furm

any opinion whatever either as to the probability or

to the improbability of the existence of such channels

as are assumed by Mr. Wallace. But, looking at the

question from a physical point of view, it seems to me

pretty evident that if such channels as he supposes

existed, allowing of a continuous flow of equatorial
water into the Arctic seas, it would certainly prevent
the formation of permanent ice around the Pole, and
would doubtless confer on the Arctic regions a mild

and equable climate. This would be more particularly
the case if, as Mr. Wallace supposes, owing to geo-

graphical conditions, far more of the equatorial water

was deflected into the Arctic than into the Antarctic

regions.

But, at the same time, I think it is just as evident

that these channels would not neutralise the effects

resulting from a high state of eccentricity. It may
be quite true that the physical causes, brought into

operation during a high state of eccentricity, might
not be sufficient to reduce the quantity of warm water

flowing into the Arctic Ocean to an extent that would

permit of the formation of permanent ice around the

Pole, but it certainly would greatly diminish the flow

into the Arctic Ocean. Supposing that, at the com-

mencement of the last Glacial Epoch, the volume of

the Gulf Stream was double what it is at present, this

condition of things would not have prevented the

operation of those physical agents which brought
about the Glacial Epoch, although it no doubt would
have considerably modified the severity of the glacia-
tion resulting from their operation. The very same

thing would hold true, though perhaps in a much

greater degree, in reference to the channels assumed

by Mr. Wallace.
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If the emissive power of the sun was about the

same during the Tertiary period as at present, and
there is no good grounds for supposing it was other-

wise, then the extra heat possessed by the north- rn

temperate and Arctic regions must have been d

either from the equatorial regions or from the southern

hemisphere, or, what is more likrly, from both. If

so, then the temperature either of the southern hemi-

sphere or of the intertropical regions, or both, must
have been much lower during the Tertiary period than

at the present day. A lowering of the temperature of

the equatorial regions, resulting from this transfer. n<

of heat, would tend to produce a more equable and
uniform condition of climate over the whole of the

northern hemisphere. As the area of the Antic
Ocean is small in comparison to that of the equatorial

zone, from which the warm water was derived, tin?

fall of temperature at the equator would be much less

than the rise at the pole. Supposing there had been

a rise of, say, 30 at the pole, resulting from a fall of

10 at the equator (and this is by no means an im-

probable assumption), this would reduce tin <liti<

between the equator and the pole by 40, or to half

its present amount We should then have a cli mat it-

condition pretty much resembling that which i^ known
to have prevail* ,1 during at least considerable per

y period.
It U indeed very doubtful if such a climatic

dition <>f thini^ a.s that could be brought about by a

high state of eccentricity with th<- ].n-< nt distrihution

ud and water; but, on tin- oth.-r hand, it i* ju-t

as doul.tful wht-thcr tin- chann. U <.f communication
assumed by Mr. Wallace could have brought it about
without th- aid of rnvntricity.

Th. v.-ry .-\ist.-noe of so high a temperature on the
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northern hemisphere during Tertiary times may be

regarded as strong presumptive proof that the

geographical conditions obtaining on the southern

hemisphere were most unfavourable to the flow of

intertropical water into that hemisphere. This may
be one of the reasons why a high state of eccentricity

failed to produce a well-marked glacial epoch on the

northern hemisphere, the geographical conditions pre-

venting a transference of warm water into the southern

hemisphere sufficient to produce true glaciation on the

opposite hemisphere. That the geographical conditions

obtaining on the southern hemisphere during Tertiary
times were probably of such a character is an opinion
advanced by Mr. Wallace himself,

" There are," he

says,
"
many peculiarities in the distribution of plants

and of some groups of animals in the southern hemi-

sphere, which render it almost certain that there has

sometimes been a greater extension of the Antarctic

lands during Tertiary times
;
and it is therefore not

improbable that a more or less glaciated condition may
have been a long-persistent feature of the southern

hemisphere, due to the peculiar distribution of land

and sea, which favours the production of ice-fields and

glaciers."
*

Influences of Eccentricity during the Tertiary
Period. This being the state of things on the southern

hemisphere, the glacial condition of the hemisphere,
when its winter solstice was in aphelion, would tend

in a powerful manner to impel the warm water of the

south over on the northern hemisphere, and thus raise

its temperature. This, again, is a view which has also

been urged by Mr. Wallace. "
Though high eccentricity

would/' he remarks, "not directly modify the mild

climates produced by the state of the northern hemi-

* " Island Life," p. 192.

15
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sphere which prevailed during Cretaceous, Eocene,

and Miocene times,* it miu'ht indirectly aH'ect it ly

increasing the mass of Antarctic ice, and thus increas-

ing the force of the trade-winds and the result in-

northward-flowing warm currents. . . . And as we
have seen that during the last three million years the

eccentricity has been almost always much higher than

it is now, we should expect that the quantity of ire in

the southern hemisphere will usually have been greater,

and will thus have tended to increase the force of those

oceanic currents which produce tin; mild climates of

the northern hemispher
There is little doubt but that the climate of the

Tertiary period was greatly affected by eccentricity ;

but, owing to the difference in the geographical

conditions of the two hem ispheres, eccentricity would

exercise a much greater influence on the climatic

condition of the northern hemisphere when the

northern winter solstice was in perihelion than it

would do when it was in aphelion. Owing to the

difference in the conditions of the two hemU]
the physical agents brought into operation by a high
state of eccentricity would act more powerfully in

impelling the equatorial waters towards the Arctic

regions when the winter solstice was in perihelion

than they would do in impelling the water towards

the Antarctic regions when the solstice was in

aphelion In this case the northern hemisphere
would be heated to a greater extent when its winter

solstice wag in perihelion than it would bo cooled

when the solstice was in aphelion. It is this cireum-

*
High Ottntridty mjght not directly modify the mild climates,

bat certainly the physical agent* brought into operation by the high

eccentricity would do to.

192.
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stance which, I think, has misled geologists, and

induced them to conclude that because the physical

agents brought into operation when the winter solstice

was in aphelion, during n high state of eccentricity,

failed to produce a well-marked glacial epoch in

Tertiary times, consequently the climatic condition of

that period was not much affected by eccentricity.

It would seem to be owing to that peculiar difference

between the conditions of the two hemispheres that,

even during high eccentricity, the physical agents in

operation when the winter solstice was in aphelion
were unable to lower the temperature of the northern

hemisphere to an extent sufficient to cover high

temperate and Arctic regions with permanent ice ;
but

for this very same reason these agents would be

enabled to raise the temperature to an extent

exceptionally high when the winter solstice was in

perihelion. In other words this very combination of

circumstances, which so much modified the severity
of what may be called the Tertiary cold periods,

intensified to an exceptionally great extent the

warmth and equability of what may be called the

Tertiary warm periods.



CHAPTER X.

THE PHYSICAL CAUSE OF MILD rOUUft CLIMA

it is not diffcah to fafer what woM be the
to character of the cfoaate of the Tertiary

period, in so far as that rtiarti was aJfccfel by
eecentricity. As is troly Tranced by Mr. Wallace,
the ecmitricity aurinj: the past

It will
always ninth higher than it b now.

OMM^ That
id doing the Tetiiaiy period
out by the facts of Mofecr and
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Mr. J. Stark ie Gardner, a

who Jja ; had
;

;i,t ;-:

j><
))< no- in the fossil flora of the

Tertiary deposits, says that such alternating warmer

and colder oonditkmf AM 0npported byst; .i.tivo

and .some positive evidence, found not only in Knj/ii'.h

IVK:< IK-, hut, in ull Ti-rtiary h'i'ls throughout th: world.

In UK; Lr>w<;r Ba^.shot of Ifaiupsliinj hiv; h'-<:/i found,

I'catJi'tr- and f;j,n -palm :;, DryO/nd/fttt
l (

-';<'li,

niapl-, Aztdwt,, laurel, elm, acacia, aroid :;,
r.act

fonif'-r .;, tfl.i'.nnr.d.r'/tux,
and plant/i of th: j>:a trih;,

to^-,tln',r witli many others.
r

r})(; (juestion which

|r< til ; it:-.<-.lf to one's mind, IK; remarks, is, how i:-j

it possihle that the tropical forms, .such M the, palniM,

uroids, cactus, &c., could liavt ^rowu aloi^--.id-. of UK:

apparently temperate forms, such as the oak, elm,

he. (!), and others? Mr. Ganh. filiation ,

follows:

"Astronomon, havirj^ oalnulutf-d UK: jiaUj of tlx: revolution

of UK; e;irth in :i^f;H p:i:,l,
t;ll UK that in recurring jeri.d-{

e;i';li hcnu ;jh<;re, uorljjern and KouUjcru,

!,ul,jc(;t,
!o r:j,i :i.t,';d

f:_yf:Iif;:il
r|.

have hecu for t,he area which m now Kti^land many alf.er-

nationH of lon^ jjeriodH of heat and cold. Whenever UK;

area became wanner, the de-cendantH of BCrni tropical form:;

would gradually creef> further and further north, whil'.t, the

descendants of cold loving plant* would retreat, from the

advancing temperature, vice, vend. Whenever the

;'ni.du;dly colder, the heat loving plantn would, from

j.'f;neration to another, retreat further and further Bouth,

the cold loving jJantH would return to Uie ana from

which t.heir anccHt/jra had been driven out. In each

there would be Home lin^erin^ remnants of the retreating

;.tion (\}\<in\i\\ perhnp:; e/.i:,tin^ with dimininhed vi

Og ;i.lon;;:.ide of the earlieHt arrivals of th; incoming

vegetation.
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" Such IB a possible explanation of our finding those plant-

remains commingled together. It must be borne in mind

that it is not so much the mean temperature of a whole

year which affects the possibility of plants growing in any

locality, as the fact of what are the extremes of summer and

winter temperature."
*

This is precisely the explanation given of tho

commingling of sub-tropical and Arctic floras and

faunas in deposits belonging to the Glacial Epoch.
The causation in the two cases was, in fact, the same
in principle, differing only in the conditions iin-l. r

which it operated. In the case of the Glacial Epoch
the cold periods were intensely severe and the warm

periods but moderately hot ;
whereas in regard to tho

Tertiary cold periods they were but moderately cool,

and the warm periods exceedingly hot.

Mr. Wallace, who refers to Mr. Gardner's views

approvingly, says :

" In the case of marine faunas it

is more difficult to judge, but the numerous changes
in the fossil remains from bed to bed, only a fe\\

and sometimes a few inches apart, may be sometimes

due to change of climate; and \vh.-n it i- recognised
that such changes have probably occurred at all

geological epochs, and their effects are systemati cully
searched for, many ] I in t!.- li>tril>utiui

of organisms through the different members of one

deposit may be traced to this can-

To avoid having thus to admit th.- rxi>t-nce of

note warmer and colder periods during T.rti.iry

times, Mr. Searlcs V. Woo.1, Jim., proposed an

theory, which i> thus stated in hi> <.\\n \vnnls:

:uains upon which t! nation^ of this fl,.r.i

have been based are drifted, an-1 n-t those of a U<1 in situ

.^logical Magarino," 1877, p. 23.

Island Life," p. 107.
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like the coal seams, and the whole of the Hampshire Eocene

is connected with the delta of a great river which persisted

throughout the accumulation of the various beds, which

aggregate to upwards of 2000 feet in thickness. This river

evidently flowed from the west, through a district of which the

low ground had a tropical climate; but like some tropical rivers

of the present day, such as the Brahmaputra, the Megna, the

Ganges, &c., it was probably fed by tributaries flowing from

a mountain region supporting zones of vegetation of all

kinds from the tropical to the Arctic, if during the Eocene

period vegetation such as the present Arctic had come into

existence, of which we have as yet no evidence. Torrential

floods may have swept the remains of vegetation from the

temperate zones of this region into tributaries that conveyed
it into the main river before it was decayed or water-logged,

where it became intermingled with the remains of vegetation

which grew in the tropical low ground skirting the main

stream, so that both sank together into the same mud
and silt."*

The elevated mountain regions from which he sup-

poses these temperate forms were derived, he thinks,

might have been Mull, 400 miles N.N.W., and Wales

200 miles N.W. of the Hampshire deposits. Mr.

Gardner, however, showed most conclusively that Mr.

Wood's theory was based on imperfect acquaintance
with the conditions of the problem. The following is

Mr. Gardner's reply :

" The leaves have never been drifted from afar
; they are

often still adhering to the twigs. The leaves are flat and

perfect, rarely even rolled and crumpled, as dry leaves may
be, if falling on a muddy surface

;
still more rarely have

they fallen edgeways and been embedded vertically. They
are, moreover, not variously mixed, as they should be if

they had been carried for any distance, but are found in

local groups of species. For example, all the leaves of

*
"Geological Magazine," 1877, p. 93.
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Castanea have been found in one clay patch, with

and GUichenia; none of these have been found elsewhere,

lobed leaf is peculiar to Studland; the Alum Bay

Anita, the peculiar form of ProteacccK, the great Ficw, and

other leaves occur at Alum Bay only. Each little patch at

Bournemouth is characterised by its own peculiar leaves.

Surh a distribution can only result from the proximity of

the trees from which the leaves have fallen. The forms of

most temperate aspect are best preserved, so that, to be

logically applied, the Drift theory requires the palms, Ac.,

to have been drifted upwards. To suppose that most

delicate leaves could have been brought by torrents 400

miles from Mull or 200 miles from Wales, and spread out

horizontally in thousands, without crease or crumple, on the

coast of Hampshire, may be a feasible theory to Mr. Searles

V. Wood, Jun., but will not recommend itself to the majority

of thinkers.
1' *

Were there Glacial Epochs during the Tert

Age f Many geologists, especially amongst those who
are opposed to the theory of m-m ; .il < pochs,

answer this question emphatically in t)i< n< _Mtiv.

\ >elief as to the non-existence of glacial conditions

during the Tertiary period is, of course, based wholly
on negative evidence; and this negative \idence,

though strong, is by no means perfectly conch:

and certainly not worthy of the weight which has

been placed upon it. In C'haj-t. r XV II. of 'Cli

aii'l Time
'

I have endeavoured to show that, alt).

much has been \\ r; ction of geological

records, yet the imperfection of those records in regard
to past glacial epochs has not received the attention

which it ivnlly deserves.

iu>t bo borne in mind, however, that it does not

follow from the physical theory of secular changes of

"
Geological Magazine,' IW7, l

138.
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climate, that because the eccentricity may have been

high at some particular period there must necessarily

have been a glacial epoch. The erroneous nature of

this misapprehension of the theory has already been

shown at considerable length in Chapter Y. Eccen-

tricity can produce glaciation only through means of

physical agencies, and for the operation of these

agencies a certain geographical condition of things is

absolutely necessary. We know with certainty that

during the Tertiary period the eccentricity was at

times exceptionally high, as, for example, 2,500,000

and 850,000 years ago ;
but whether a glacial epoch

occurred at these periods depended, of course, upon
whether or not the necessary geographical conditions

then obtained. Supposing the necessary geographical
conditions for glaciation did exist at the two periods
in question, still if these conditions differed very much
from those which now obtain, the glacial state of

things then produced would certainly differ from that

of the last glacial epoch. This is obvious, for the same

physical agencies acting under very different conditions

would not produce the same effects. Under almost

any geographical condition of things eccentricity would

produce marked effects, but the effects produced might
not amount to glaciation. In the Tertiary age, during

high eccentricity, the effects resulting might possibly
have been as well marked as they were during the

Glacial Epoch ;
but these effects must have differed

very much from those produced at that epoch. We
have seen that, owing to that peculiar geographical
condition of things existing during the Tertiary period,
the physical agents brought into operation by a high
state of eccentricity would have a much greater
influence in raising the temperature of the northern

hemisphere when the winters occurred in perihelion,
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than they would have in lowering the temperature of

that hemisphere when the winters were in aph -li <>n.

At the periods 2,500,000 and 850,000 years ago,

for example, those physical agents would no doubt

produce quite a tropical condition of climate in high
northern latitudes when the winters were in

]
ri-

helion, while it is quite probable they may not have

been able to produce glaciation when the winters were

in aphelion. It is more than likely that the tropical

nature of the climate during portions of tin- T.-rti.-iry

period was due not so much to that peculiar distril.u-

tion of- land and water existing then, as it was to the

fact that this peculiar distrilmtion eimMrd tin- physical

agents in operation during a high state of eccentricity

to impel a vastly greater amount of warm intertropical

water into the temperate and Arctic seas than th< y
could have done under the present geographical condi-

tion of things.

Those very same geographical conditions enabling
tin- physical agents to raise the temperature excep-

tionally high during the warm periods would, on the,

; hand, prevent them from being able to 1<>\\. r

the temperature exceptionally low during the alter-

nate cold periods. N s I think it probable
that at the two periods referred to, when the eccen-

y was much greater than it was during the Glacial

Epoch, the temperature would be lowered to an cxt m
that would produce glaciation, although the gloci

t not perhaps approach in severity to an} t

nit of th- (Jlocial Epoch. The ncg; ! --nee

which has been adduced against the existence of >< -h

.1 conditions during the Tertiary period is

tainly fur fnun ln-in^ cmu-luM .

b C'.ncurn d in l>y Mr. Wallace that the

of Eccentricity i million years,
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given in 'Climate and Time/ probably includes the

greater part, if not the whole, of the Tertiary period.

He states that during the 2,400,000 years preceding
the last Glacial Epoch there were, according to the

table, no fewer than sixteen separate epochs when the

eccentricity reached or exceeded twice its present
amount. But it does not follow, according to the

physical theory, that there ought, on that account, to

have been sixteen epochs of more or less glaciation.

Whether such ought to have been the case or not

would depend on whether or not the geographical con-

ditions were the same during these epochs as they were

at the Glacial Epoch, a consideration with which the

theory has no relation. The question is not, were

there sixteen glacial epochs during the Tertiary period,

but were there any ? Even granted that those channels

assumed by Mr. Wallace did exist, they would not, I

feel assured, wholly prevent glaciation taking place at

the two periods to which reference has been made,

although the glaciation might not be severe.

In support of the opinion that there is no evidence

of glaciation during the Tertiary period, Mr. Wallace

quotes the views of Mr. Searles V. Wood, Jun., on the

subject. Mr. Wood states that the Eocene formation

is complete in England, and is exposed in continuous

section along the north coast of the Isle of Wight and

along the northern coast of Kent from its base to the

Lower Bagshot Sand. It has, he says, been intersected

by cuttings in all directions and at all horizons, but

has not yielded a trace of anything indicating a cold

and glacial condition of things. The same, he adds,

holds true of the strata in France and Belgium.

Further, "the Oligocene of Northern Germany and

Belgium, and the Miocene of those countries and of

France, have also afforded a rich molluscan fauna,
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which, like that of the Eocene, has as yet presented
no indication of the intrusion of anything to int

with its uniformly sub-tropical charact

In reply to all this, it may be stat bi simple

absence of any trace of glaciation in the Tertiary

deposits of the South of England certainly cannot be

regarded as conclusive against the existence of an

epoch of glaciation during that period. Not many
years ago geologists denied that there was any
( -vid.'nce to be found of glaciation in the South of

England, and at the present time there are hundreds

of geologists who will not admit that that part was
ever overridden by land-ic-. If it is so diilicult

to find in that quarter evidence of the last

glacial epoch, severe as that glacial epoch was, we
need not wonder that no trace of glaciation so

remote as that of the Eocene period is now to be seen.

Besides all this, there is in the South of England the

surface on which the glaciation, if any, t .ok ;

as not a vestige of the eld land-surfaces of the

Eocene period now remains. It therefore sei-ns to nu-

the mere fact of nothing as y. t having
i in tli' y deposits of the Sout'

England, indicating one or more cold periods i> no

proof that there may not possibly have been

periods, and -v.-n of considerable sev rity. Tin- same
remarks hold equally true in regard to the deposits on

y Mr. Wood.
It will 1..- ur_'i d in ivjily thai on.- kind of

nee which ought to be found, a,s it could not

possiMy have been obliterated }>y tin- d. ^trm-t:

the T 1 1 td -.surfaces th '-sence of

_'n rock-fragiii'-nts iml..-dd< d in

Mr. Wallace states that in the many
1

in thickness of clays, sands,
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marls, shales, and limestones, no irregular blocks of

foreign material or boulders characteristic of glacial

conditions are to be found. The same, he says, holds

equally true of the extensive Tertiary deposits of

temperate North America.

If it be really the case that the Tertiary beds are

wholly without boulders or fragments of foreign

material, then this certainly may be regarded as proof
that no real glacial epoch could have occurred during
that period. But has it been satisfactorily ascertained

that those beds are wholly devoid of such materials ?

Those beds, I presume, have been searched by
geologists for their fossil contents rather than for

stratigraphical evidence of glacial epochs. It is remark-

able how long the evidence of glaciation sometimes

remains unobserved when no special attention is

devoted to the matter. As examples of this, we know
with certainty that the Orkney and Shetland Islands

were during the Glacial Epoch overridden by land-ice
;

and yet geologists who had often visited these islands

declared that they bore no marks of glaciation. So

recently as 1875 the low grounds of Northern

Germany were believed to be without glacial striaa;

yet when German geologists began to turn their

attention specially to the subject, they found not only
evidence of glaciation but indisputable proof that

during the Glacial Epoch the great Scandinavian ice-

sheet had advanced over the country no fewer than

three separate times down to the latitude of Berlin. I

have myself seen the striated summit of a mountain
on which geologists had been treading for years
without observing the ice-markings under their feet.

The reason why these markings so long escaped
detection is doubtless due to the fact that they were

on a spot which no geologist supposed that land-ice

16
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could have reached. For this very same reason the

fact remained so long unobserved that the low-lyin^

ground of Caithness had been glaciated by lanl-i<-.-

from Scandinavia, filling the entire Baltic and the North

Sea. Many similar cases might be adduced v.

s of glaciation remained long unobserved, eith< r

because no special search had been made for tin-in,

or because they were under conditions in which

they were not expected to be found. It is

probable that wln-n the Tertiary deposits are carefully

nr-l, with the special object of ascertaining

whether or not they contain evidence of glacial i<>n,

geologists may be led to a different c.n.-!u-:-.n

regarding the supposed uniformly warm charact

the climate of that period. They may possil.ly tin<l

that, after all, the Tertiary beds do contain bouM.-rs

and foreign material, indicating the existence of glacial

conditions during the period.

Considerable importance has been attached to the

statement of Professor Nonl-n>kj>ll that h- t'ai.

observe in the stratified deposits of Greenland

Spitsbergen any evidence whatever of former glaci

in t hose regions.
" We have never seen," he say

Spitsbergen nor in d in these sections

many miles in length, and including, one may say, all

formations from the Silurian to t irv, any
boulders even as large as a child's head. Th* n is not

i nallest probability that strata ral.lo

extent containing boulders are to be i'<mn<l in tin.?

polar tracts previous to tin- uii<Ml<> of th

1. Both an examination of the geoj^i

tion and an investigation fossil flora

polar lands, show no signs of a glacial .-r.v

1 in those parts I*

the Mioo 1."* That Professor Nonl'-nsUj.,ll

Geological Magazine/' 187
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may not have seen in those strata boulders larger than

a child's head may be perfectly true, but that there

actually are none is a thing utterly incredible. Still

more incredible, however, is the conclusion which he

draws from this absence of boulders viz., that from

the Silurian down to the termination of the Miocene

period no glacial condition of things existed either in

Greenland or in Spitzbergen. Both these places are at

present in a state of glaciation ;
and were it not, as we

have seen, for the enormous quantity of heat which is

being transferred from the equatorial regions by the

Gulf Stream, not only Greenland and Spitzbergen, but

the whole of the Arctic regions would be far more
under ice than they are. A glacial state of things is

the normal condition of polar regions ;
and if at any

time, as during the Tertiary age, the Arctic regions
were free from snow and ice, it could only be in

consequence of some peculiar distribution of land and

water and other exceptional conditions. That this

peculiar combination of circumstances should have

existed during the whole of that immense lapse of

time between the Silurian and the close of the Tertiary

period is certainly improbable in the highest degree.
In short, that Greenland during the whole of that time

should have been free from snow and ice is as

improbable, although perhaps not so physically

impossible, as that the interior of that continent

should at the present day be free from ice and covered

with luxuriant vegetation. Perhaps the same skill

and indomitable perseverance which proved the one

conclusion to be erroneous may yet one day prove the

other to be also equally mistaken.

Professor Nordenskjold does not appear to believe

in alternations of climate even in temperate regions
for he says,

" from palseontological science no support,
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can be obtained for the assumption of a peri-

alternation of warm and cold climates on the surface

of the earth."

Evidence of Glaciation du rl ny the Tertiary Period.

Evidence of glaciation during the Miocene period is,

I think, afforded by the well-known conglom.
and erratics near Turin, first described by M. Oasta Mi.

Beds of Miocene sandstone and conglomerate, with an

intercalated deposit containing large angular blocks of

greenstone and limestone have been found Some of

these blocks arc of immense size. Many of the stones

in the deposit are polished and striated in a mnnn.-r

similar to those found in the bould.-r-c-lay of this

country. It has been shown by Gastaldi t

blocks have all l--n <1. rived from the outer ridge of

the Alps on the Italian side namely, from the range

extending from Ivrea to the Lago Maggiore, and,

consequently, they must have travelled from twmty
to eighty miles. So abundant are these large bloeks

< xtensive quarries have been opened in the hills

for the sake of procuring them. The stratification of

the beds amongst which the blocks occur Millie i.ntlv

indicates aqueous action and the former presen
the sea. That glaciers from the south. -rn A!j-

lly reached to the sea and sent a. 1 rift

icebergs over what are now the sunny plains of

Northern Italy, is proof that during that cold period
th.- climate must have been very severe. < >n

rkal.le circumstance, indicating not only the

.1 condition nf th.- l>-d in which tin- LWks occur,

but also r n \\-as th- r ccen-

.
. i- th- fart that the 1>C(1 is wholly .l.^titute of

organic remains, whil.- they an- fun<l al>un<lantly l-.th

in tin- un.l.-rlyiiiL: and <\. riving bods.

l-^\ id. nee of glaciation during the Eocene period, as
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is also well known, is found in the "
Flysch

"
of

Switzerland. On the north side of the Alps, from

Switzerland to Vienna, and also near Genoa, there is a

sandstone a few thousand feet in thickness, containing
enormous blocks of Oolitic limestone and granite.

Many of these blocks are upwards of 10 feet in length,
and one at Halekeren, near the lake of Thun, is 105

feet long, 90 feet broad, and 45 feet in thickness. The
block is of a granite of a peculiar kind, which cannot

be matched anywhere in the Alps. Similar blocks are

found in beds of the same age in the Appennines and

in the Carpathians. The glacial origin of this deposit
is further evinced by the fact that it is wholly destitute

of organic remains. One circumstance, which indicates

that this glaciation was due to eccentricity, is the fact

that the strata most nearly associated with the

"Flysch" are rich in Echinoderms of the Spatangus

family, which have a decided tropical aspect. This is

what we ought, of course, a priori, to expect if the

glaciation was the result of eccentricity, for the more
severe a cold period of a glacial epoch is, the warmer
will be the periods which immediately precede and
succeed.

Some writers endeavour to account for those glacial

phenomena, without any reference to the influence of

high eccentricity, by the assumption that the Alps were
much more elevated during the Tertiary period than

they are at the present day. If we, however, adopt
this explanation, we shall have to assume that the

Alps were suddenly elevated at the time when the bed

containing the erratics began to be deposited, and that

they were as suddenly lowered when the deposition of

the bed came to a close a conclusion certainly very

improbable. Had the lowering of the Alps been

effected by the slow process of denudation, it must
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have taken a long course of ages to have lowered th.-m

to the extent of bringing the glacial state to a close.

In this case there ought to be a succession of beds

indicating the long continuance of coM c<>n<l:

Instead of this, however, we have a glacial bed

immediately preceded and succeeded by beds in<lu utm^
an almost tropical condition of climate. When we
take this circumstance into consideration, along with

the evidence adduced by Mr. J. S. Gardner as to the

alternations of warmer and colder conditions i:

south of England and other parts of Europe during
the Eocene period, the comirti-.n is forced upon us

that a high state of eccentricity is the most rnt

explanation of these curious phenomena.
The greater elevation of the Alps would undouht

intensify the glacial condition of things, but it would
not originate it The elevated character of the Alps,
for example, was no doubt the reason why tin- plains
of Switzerland, during the last glacial epoch, \v

much more buried under ice than other parts of

Southern Europe; but th .tion was not that

which hrought about the glaciation, for those plains
were free from ice both before and after the p
epoch, though the Alps were no doubt as high as th-y
were during the ice-period.

If we adopt the t at these glacial cn.li

n we have,a.> I

to show many years ago,* a clue to the ].n>l.ahle

absolute date of the Middle Eocene an.l t

Miocene periods. There were, as we h a, two

epoch
was illy hi-' "'00,000 yean ago an.l

850,000 yean ago. The for lit i-iohaMy 1

1I..1 M, r-..' November, 1868) 'Climate and Time,
xxL
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date of the "
Flysch

"
of the Eocene formation, and the

latter the date of the period when the Miocene erratics

were deposited in the icy sea near Turin.

Some geologists have maintained that the climatic

conditions of the Tertiary period are utterly hostile to

the Physical Theory of Secular changes of Climate.

The very reverse, however, is the case
; for, as we have

seen, several of the facts of Tertiary climate can be

explained on no other principle than that of the

theory.



CHAPTER XL

INTERGLACIAL PERIODS IN ARCTIC REGIONS.

Interglacial Periods in Arctic Regions more marked than Glacial

Evidence from the Mammoth in Siberia.-Northern Siberia

much Wanner daring the Mammoth Epoch than now. Evi-

dence from Wood. Evidence from Sheila, The M^n^Hh
InterglaciaL-Main Characteristics of Interglacial dim
Evidence from the Mammoth in Europe. The Mammoth
Glacial as well as Interglacial. Arctic America daring I

glacial Times. Was Greenland Free from Ice daring any of the

Interglacial Periods?

IN Chapter VIIL of the present volume, nnd n
1

'Climate and Time* (Chapter XVI.), it was point..]

out that in temperate regions the cold periods of

the Glacial Epoch would be far more marked than

v.ann interglacial periods. In temperate regions
rendition of things which prevailed during the

cold periods would differ far more widely from

v. liirh now prevails than would the condition of

things during the warm periods. But as regards
the polar regions the reverse would be the case;
there the warm interglacial periods would be more
mark'.l tli;tn tli- C"M ]>-ri"U Tin- c. m-liti' >n nf

things prevailing in these regions during the warm

periods would be in strongest contrast to what now
this would not hold true in n frrencc

to the cold periods, <lurin_r which matters w

be pretty much the same as at present, only
somewhat more sever- In short, the glacial
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state is the normal condition of the polar regions,

the interglacial the abnormal. At present Green-

land and other parts of the Arctic regions are almost

wholly covered with snow and ice, and, conse-

quently, nearly destitute of vegetable life. In fact,

as regards organic life in those regions, matters during
the Glacial Epoch would not probably be much worse

than they are at the present day. Greenland and the

Antarctic continent are to-day almost as destitute of

plant life as they could possibly be. Although, in

opposition to what is found to be true in reference to

the temperate regions, the polar interglacial periods
were more marked than the glacial, it does not follow

that on this account the relics of the interglacial

periods which remain ought to be more abundant in

polar than in temperate regions. On the contrary,

the reverse ought to be the case. In the polar regions,

undoubtedly, there is least likelihood of finding traces

of interglacial periods ;
for there, of all other places,

the destruction of such traces would be most complete.
The more severe the glaciation following a warm period,

the more complete would be the removal of the remains

belonging to the period. If, in such places as Scotland

and Scandinavia, so little is left of the wreck of inter-

glacial periods, it need be a matter of no surprise that

in Arctic regions scarcely a relic of those periods
remains. The comparative absence in polar regions of

organic remains belonging to a mild interglacial period
cannot therefore be adduced as evidence against the

probable existence of such a period. Who would

expect to find such remains in ice-covered regions like

Greenland and Spitzbergen ? Although not a trace is

now to be found, it is nevertheless quite possible that

during interglacial periods those regions may have

enjoyed a comparatively mild and equable climate.
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Evidence from the Mammoth in Siberia,.

comparative absence of the remains of a w.

condition of climate in Arctic regions during l'l-is-

tocene times holds true, however, only in regard to

those parts, like Greenland, which have undergone
severe glaciation. When wo examine Siberia and

places which appear to have escaped the de

j>ower of the ice, we find, from a class of facts

the physical importance of which appears to have

been greatly overlooked, abundant proofs of a mi 1-1

ami eojiial.le condition of climate. I i t r to facts

connected with th- condition under which tho

Sil-.-rian mammoth and his conveners lived. Tlu-

.Dimple fact t mainmoth lived in Northern

ia proves that at the time the climate of

region must have been far different from what it is at

the present day.
The opinion was long held, and is still h-M

mammoth did not live in Northern Si

ifl remains are found, lut in more southern

latitudes, and that these remains v .1 down

by rivers. It was considered iiK.-ivdil.K- that an

animal allied to the elephant, which now lives only

in tropical regions, should have existed nn<!

climate so rigorous as that of Siberia. The opinion
tip- remains were floated d.-\\n

i> in* \\
, IIM\V.V*T, abandoned by Russian natu-

ralists and nth, r observers who have carefully

1 -Utriu.-nt <>i' and

arguments which have been i in Mij.jH.rt of tin-

theory that the mammoth lived and died win <

remains were found. .se facts 1 am mainly
indel I admiraM.-

i

'

rh <n

the -Mammoth in /. liich appeared in the

r 1880.
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Had the remains of the mammoth been carried down
from the far south by the Siberian rivers, they would
have been found mainly, if not exclusively, on the

banks of the long rivers, such as. the Obi, Yenissei,

and the Lena, and in the deltas formed at their

mouths. But such is not the case. "These are,"

says Mr. Howorth,
" found even more abundantly on

the banks of the very short rivers east of the Lena.

They are found not only on the deltas of these rivers,

but far away to the north, in the islands of New
Siberia, beyond the reach of the currents of the small

rivers, whose mouths are opposite those islands. But
a more convincing proof is that "

they are found not

only in North Central Siberia, where the main
arteries of the country flow, but in great numbers
east of the river Lena, and in the vast peninsula of

the Chukchi, in the country of the Yukagirs, and in

Kamtskatka, where there are no rivers down which

they could have floated from more temperate regions."

Besides, it is not merely in the deltas and banks of

rivers that the remains are found, but in nearly all

parts of the open tundra; and Wrangell says* that

the best as well as the greatest number of remains are

found at a certain depth below the surface in clay-

hills, and more in those of some elevation than along
the low coast or in the flat tundra.

Had the mammoth lived in the south we should, as

Mr. Howorth further remarks, have found its remains

most abundant in the south, whereas the farther north

we go the remains become more abundant
;
and in the

islands of the Liachof archipelago, in about latitude

74, the greatest quantities have been discovered.

Again, according to Hedenstrom, the bones and tusks

found in the north are not so large and heavy as those

* " Polar Sea Expedition," English translation, p. 275.
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in tin- south a fact which still further confirms tho

opinion that the mammoth livel \\li.-iv his remains

are found, inasmuch as the greater severity of the

climate in northern parts would certainly hinder the

growth and full development of the animal
Northern Siberia much Warmer during the Mam-

moth Epoch than now. It is true that the mammoth
and the Rhinoceros tichorhinus were fumi>ln <1 with n,

woolly covering which would protect them from cold ;

I -in it is nevertheless highly improbable that tl..-y

could have endured a climate so severe as that of

Northern Siberia at the present day, where the ground
is covered with snow for nine months in the year, un.l

tli*' temperature is seldom much above zero r'ahr.

And even if they could have inlmv,l the cold, they
would have starved for want of food. Some parts of

Sil.. -ria are no doubt fertile, as, for example, the vail, y
of the Yenissei, described by Nordenskj6l< 1 ; l.ut tin -re

i> little doubt, as Mr. Howorth remarks, that tho

larger portion of Northern Siberia, where the mam-
moth and the rhinoceros lived, is now a naked tundra

covered with moss, on which no tree will grow. < n

-round it is physically impossible that tli. mam-
moth ami rhinoceros could exist, for they cannot graze
close to ground like oxen. They live on long grass,
and on the foliage and small branches of tn-es.

Evidence from Wood. The fact that the mammoth
was most abundant beyond the present northern limit

<>od is pretty good evidence that the climatic

tion of Northern SiU-ria mast then 1,

milder than now. Wood must have extended, in the

days of the mammoth limit,

probably as far north as New Si U- ria:

obs support this conclusion.

>e. 2, 1875.
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The wood found in Northern Siberia consists of two

classes the one is the result of drift, the other grew
on the spot. The natives call the former "

Noashina,"

and the latter
" Adamshina

;

" and the division is

supported by Goppert, who separates the trunks of

timber found in Northern Siberia into a northern

series, with narrow rings of annual growth, and a

southern, with wider ones. The latter doubtless

floated down the rivers, as great quantities do still
;

while the former probably grew there with the

mammoth.
In the middle of October, 1810, Hedenstrom went

across the Tundra direct to Ustiansk. " On this

occasion," he says,
"
I observed a remarkable natural

phenomenon on the Chastach Lake. This lake is 14

versts long and 6 broad, and every autumn throws up
a quantity of bituminous fragments of wood, with

which its shores in many places are covered to the

depth of more than 2 feet. Among these are pieces

of a hard transparent resinous substance, burning like

amber, though without its agreeable perfume. It is

probably the hardened resin of the larch tree. The

Chastach Lake is situated 115 versts from the sea and

80 versts from the nearest forest." *

On the same journey, Hedenstrom noticed
" on the

Tundra, equally remote from the present line of forest,

among the steep sandy banks of the lakes and rivers,

large birch trees, complete, with bark, branches, and

root. At the first glance, they appeared to have been

well preserved by the earth, but on digging them up,

they are found to be in a thorough state of decay.

On being lighted they glow, but never emit a flame
;

nevertheless the inhabitants of the neighbourhood use

them as fuel, and designate these subterranean trees

*
Wrangcll, "Polar Sea Expedition," p. 491.

17
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as Adamoitshtshina, or of Adam's tin

living birch tree is not found nearer than three degrees
to the south, iiii< 1 thm only in tin- f>rn> <>f a shru

On the hills in the interior of the island of Koteloni,

"Sannikow found the skulls and bones of horses,

buffaloes, oxen, and .- In -p in such abundance that these

animals must formerly have lived there in large herds.

At present, however, the icy wilderness produces

nothing that could afford them nourishment, nor

would they be able to endure the climate. Sannikow

concludes that a milder climate must formerly hu\.

prevailed h.-iv, and that th-^,- animals may therefore

have been c<>n temporary with the mammoth, whose

remains arc found in rvi-ry part of the island." "f*

"Herr von Ruprecht reported to Brandt that, at

the mouth of the Indiga, in C7 W N. lat, on a small

peninsula called Chernoi Noss, where at present only

very small birch bushes grow, he found rotten l>iivh

trunks still standing upright, of the thickness of a

man's leg and the height of a man. In going u;

with no traces of wood until he NMM

the port of Indiga. Here he notio-d th. tir>t li^ht-fir

woods growing among still standing but dead trunks.

And higher up the river still, the living woods fairly

midt says that,
"

I A lakes on the Tundra

grown small and shallow, we find on and near

their banks a layer of turf, under which, in many

places, ore remains of trees in good condition, i/A
'

k

support the other proofs that
'

I'mt'tt </

trees has retrogressed, /// tltat the climate

grown colder. I found, on the way from Dudino to

lar 8c* Expedition," p. 401

t IKi.l. !. 490.
*

I; !! ..f Boa ( Nat of M<to>w; quoto.l l.y Huw.rth.
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the Ural Mountains, in a place where larches now only

grow in sheltered river-valleys, in turf on the top of

the tundra, prostrate larch trees still bearing cones." *

Schmidt also states that he was informed that at

Dudino, just at the limit of the woods, there had been

found in a miserable larch wood the lower part of a

stem sticking in the ground, apparently rooted, which
was three feet in diameter. He also states that,

"eleven versts above Krestowkoje, in lat. 72, he

found, in a layer of soil covered with clay, on the

upper edge of the banks of the Yenissei, well-preserved
stems like those of the birch with their bark intact,

and sometimes with their roots attached, and three to

four inches in diameter. Professor Merklin recognises
them as those of the Alnaster fruticosus, which still

grows as a bush on the islands of the Yenissei, in lat

70J N."

Evidence from Shells. In the fresh-water deposits
in which the bones of the mammoth are found, there

are fresh-water and land -shells, which indicate a

warmer condition of climate. I quote the following
from Mr. Howorth's memoir :

" Schmidt found Helix schrencki in fresh-water

deposits on the Tundra below Dudino and beyond the

present range of trees. Lopatim found recent shells

of it, with well-preserved colours, 9 farther south, in

lat. 68 and 69, within the present range of trees, at

the mouth of the Awamka. The most northern limit

hitherto known for this shell was in lat. 60 N., where

they were found by Maak in gold-washings on the Pit."
" In the fresh-water clay of the Tundra, by Tolstoi

Noss, Schmidt found Planorbis albus, Valvata cristata,

and Limncea auricidaria in a sub-fossil state
; Cyclers

calycvlata and Valvata piscinalis he found thrown up
*
Schmidt, as quoted by Hovvorth.
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on the banks of the Yenissei, and on a rotten <1

trunk Limax agrestis; Anodonta an<if>i <> 1m also

found on the banks of the Yenissei as far as Tolstoi

Noes, but no farther. Pisidium fontinale still 1 i v . s

in the pools on tin- Tundra; as does Succinea putris on

the branches of the Alnaster on the Brijochof Islands."

Mr. Belt mentions* that the Cyrena flumvnatie is

found in Siberia in the same deposits which contain

the remains of the mammoth and the Rhinoceros

tichorhinus.

"The evidence, then," says Mr. Howorth, "oi

debris of vegetation, and of the fresh-water and liunl-

shells found with the mammoth r. mains, amply
confirms the a pi'iori conclusion that the climate of

Northern Siberiawas at the epoch of themammoth much

more temperate than now. It seems that the botanical

facies of the district was not unlike that of Southern

Siberia; that the larch, the willow, and the Alnaster

were probably the prevailing trees, that the limit of

woods extended far to the north of its present range
and doubtless as far as the Arctic Sea

;
that not only

the mean temperature was much it is

probable that the winters were of a temj <l not

of an Arctic type." f
The Mammoth Intergladal. It need be a matter of

no surprise that the climate of Northern Si! .. ria <hmn^
the time of the mammoth was more nfiM an-1 e<|uaM.-

than now, if we only admit that the; mammoth was

interglacial. That it was of in- ;1 age is a MB-
ii which, I think, has been well established l.y

Professor .1. (i.-ikie and others. 1 I and

arguments which have lie BOtd in support of

this conclusion I n--,l n,,; nte, '1 i

"Quart \..L xxx., r

T
'

< Jcol. Mg." December 1880.
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will, however, be found discussed at great length in

Professor Geikie's
" Prehistoric Europe

" and in " The

Great Ice Age
"

(second edition). Mr. K A. Wallace

considers that one of the last intercalated mild periods

of the Glacial Epoch seems to offer all the necessary

conditions for the existence of the mammoth in Siberia.

That the mammoth was interglacial will be further

evident when we consider the climatic conditions of

Europe at the time that it lived there. Before doing

so, it may be as well to glance at what evidently were

the main characteristics of the interglacial periods.

Main Characteristics of Interglacial Climate.

They are as follows :

1. Interglacial conditions neither did nor could exist

simultaneously on both hemispheres. They existed

only on one hemisphere at a time, viz., on the hemi-

sphere which had its winter solstice in perihelion.

2. During interglacial periods the climate was more

equable than it is at present ;
that is to say, the differ-

ence between the summer and winter temperatures
was much less than it is now. The summers may not

have been warmer or even so warm as they are at

present, but the temperature of the winters was much
above what it is at the present day.

3. During interglacial periods the quantity of equa-
torial heat conveyed by ocean-currents into temperate
and polar regions was far in excess of what it is at

present. On this account a greater uniformity of

climate then prevailed; that is to say, the difference of

climatic conditions between the sub-tropical and the

temperate and polar regions was less marked than at

present the temperature not differing so much with

latitude as it now does.

4. Mildness, or a comparative absence of high winds,

characterised interglacial climate. This partial exemp-
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tion from hi^h winds resulted from the fact that the

ditf.-rence of temperature between the equator an-1 th-

poles, the primary cause of the winds, was much less

than at the present day.
5. Another character of inter-glacial climate was a

higher mean temperatun than now prevails. This,

amongst other causes, resulted from the great amount
of heat then transferred by ocean-currents from the

glacial to the interglacial hemisph*
6. During interglacial p-

- climate was not

only more equable, mild, anl uniform than n<>\\-.

was also more moist. This was, doubtless, <

mainly to the fact of the presence then in temperate
and polar regions of so large an amount of warm

intertropical water. In short, it was the presence of

so much warm water from intertropical regions which

mainly gave to the climate of t

its peculiar character.

All these characteristics of interglacial clinmt

been fully established by the facts of geology, but tin -y

are also, as we have seen, deducible d priori from

physical principles. They follow as necessary conse-

quences from those physical agencies which brought
about the glacial epoch.

Evidence from the Mami / . Sk. !

and detached remains of tin- mammoth have been i

in nearly every country in Kun>j,.-. Mr. ll.w-rtli. in

nomoir,* gives the details of tin- finding of these

in various parts of Russia, Germany, Pmmark,
Sweden, Belgium i anl i-th.-r coun-

tries. It is shown that the con. lit ions uii-l-r \\lii.-h

the mammoth ha\v l*vn foiin-l in Hum;
almo illy the sam*

nre found in - with th-

^81.
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that in Europe no carcases with their flesh intact have

been met with.

Again, the deposit in which the mammoth remains

are found in Europe is the same as that in which

they occur in Siberia. The deposit is a fresh-water

one, consisting of marly clay and gravel, and contain-

ing plant remains and land and fresh-water shells.

When these plants and shells are examined, they are

found to indicate the same interglacial condition of

climate as that which prevailed in Siberia during the

time the mammoth lived in that region.

In the case of land-plants it is, of course, only under

exceptional circumstances, as Professor J. Geikie

remarks, that they can be found in a condition suitable

for the botanist. Now and again, however, beds with

well-preserved plants are met with, buried under

lacustrine deposits. In a still better state of preser-

vation are the plant-remains and shells which have

been discovered in the masses of calcareous tufa which

have been formed upon the borders of incrustating

springs. An examination of the plant-remains found

under those conditions shows that during Pleistocene

times, when the deposits in which the mammoth bones

are found were being formed, the climate was more

equable and uniform than it is at the present day.
The fossiliferous remains yielded by the tufas have

led to most important results as to the climatic con-

dition of the Pleistocene period, into the details of

which I need not here enter. These will be found at

full length in Professor J. Geikie's "Prehistoric

Europe," Chapter IV.* It will suffice at present

simply to refer to the general conclusions to which
these researches have led, in so far as they bear on the

climatic conditions prevailing at the time the mammoth
lived so abundantly in Europe.

* See also Mr. Howorth's momoir, "Gsol. Mag.," June, 1881.
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In the tufa deposits of Tuscany have been f<>un 1

numbers of plant-remains of indigenous species, com-

mingled with others which now no longer grow in

Tuscany. Amongst the latter is the Canary laun 1,

which now flourishes so luxuriantly in the Canary
Islands, on the northern slopes of the mountain

tion of from 2000 to 5000 feet above the sea-l< v. 1

a region, remarks Professor J. Geikie, nearly always
cnvd.

>]>..!
in .steaming vapours, and exposed to h

rains in winter. In that deposit is also foun-1 the

common laurel, associated with the beech. This is

not now the case, as the laurel requires more d

than it can find there at present, while the beech has

retreated to the northern flanks of the Appennines to

obtain a cooler climate.

In the tufas of Provence are found grouj tin- same

as those which flourish there at present, 1-ut

'<-<\ with them are also the Canary lauivl anl

nth IT plants which are no longer natives of Pro\

Saporta directs attention to the fact that specie*

a the Aleppo pine and the olive, demanding con-

ible summer-heat rather than a moist climate, are

wanting in the tufas.

Similar to those of Provence are the tufas of Mont-

pellier. Saporta concludes that when all those species

lived together the climate must necessarily have

more equable and humUl than at present. In other

words, the summers were not so dry anl the winters

were milder than they are now.

deposit near Moret, in the valley of th<- S. in.-,

is still more rcmarkaM*- in showing the equable con-

ilitinn nf climat<- which thm piwuilrd. The assemblage
of plants f.uin.l t I'rofessor J.

is no possibility of mLsrea-lin^.

II rr," he says,
' w lencc of a
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genial, humid, and equable climate having formerly
characterised Northern France. The presence of the

laurel, and that variety of it which is most susceptible

to cold, shows us that the winters must have been mild,

for this plant flowers during that season, and repeated

frosts, says Saporta, would prevent it reproducing its

kind. It is a mild winter rather than a hot summer
which the laurel demands, and the same may be said

of the fig-tree. The olive, on the other hand, requires

prolonged summer heat to enable it to perform its vital

functions. Saporta describes the fig-tree of the La
Celle tufa as closely approximating, in the size and

shape of ifcs leaves and fruit, to that of the tufas in the

south of France, and to those of Asia Minor, Kurdistan,

and Armenia. But if the winters in Northern France

were formerly mild and genial, the summers were

certainly more humid, and probably not so hot. This

is proved by the presence of several plants in the tufa

of La Celle which cannot endure a hot arid climate,

but abound in the shady woods of Northern France

and Germany."
The plants found in the tufas of Canstadt are much

similar to those of Moret. Mr. Howorth, in regard to

the deposits of those places, says :

" The co-existence

of the species found there, remarks M. Saporta, proves

very clearly that, notwithstanding the variations due

to latitude, Europe, from the Mediterranean to its

central districts, offered fewer contrasts, and was more

uniform than it is now. A more equable climate,

damp and clement, allowed the Acer pseudo-platanus
and the fig to live associated together near Paris, as it

allowed the reindeer and hyama. The Acer grows
with difficulty now where the Ficns grows wild, while

the latter has to be protected in winter in the latitude

of Paris."*
* "Gcol. Mag." June, 1881.
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Equally conclu i testimony borne by the

Mollusca of the tufav I -he tufas and marls of

Moret, in the valley of the Seine, 35 species were dis-

covered. The majority of these must have li\

damp and shady places, in the recesses of moist woods,
and on the leaves of marsh-plants. The shells, M.
Tournouer concludes, bespeak a condition of climat*-

more uniform, damp, and equable than now pr<

in that region, with a somewhat higher mean annual

temperature. In the alluvial deposits of Canstadt, in

\Vurtemberg, a class of slu-li ;i .similar

tion of climate has been discovered.

The evi< rnished by the animals i'mind most

abundantly with the mammoth in Kurope and Si-

Mr. Ifoworth think^. points to the sann- conclusion as

tli.- testimony of the plants and mollusca asso

with that huge mammal
The same mild and equable condition which all

of the mammoth living in Northern Sil. -riu during
Pleistocene times thus equally prevailed <>VT tin- whole

of Europe. We hav, MO that, according to the

ical Theory, this condition of climate was in

respect precisely what it uurht to have been on the

-it i<.n that it was intcrglacial. It was a condition

mild, .-.juaM.-, uniform, humid, and of a high-r m-an
annual t'm|>,Tatuiv than w.- have at thr ].iv>,-nt day.
'Ili.ro is, however, direct and positive -\id

this condition of climate wa
In.tli of geology and of palaeontology >ho\\- that ii

preceded and succeeded by a state of things of a wholly

opposite character.

Th* Mamni' <il as wdl c^ I -ifuclnl.

Altlm mammoth could hav.- li\.l in An-tic

ily during an int' f-laci.il p.-rind. it d<,-> imt

follow that it mu>t have j-.TislR-d during t
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glacial period. When the cold came on, and the

vegetation on which it subsisted began to disappear,
it would move southwards, and would continue its

march as the cold and severity of the winters increased.

During the continuance of the ten or twelve thousand

years of Arctic conditions it would find in Southern

Europe and elsewhere places where it could exist. At
the end of the cold period, and when the climate again

began to grow mild and equable, it would retrace its

steps northwards. There is, however, little doubt that

during the severity of a glacial period, and when

necessarily confined to a more limited area, its numbers
would be greatly diminished. There is every reason

for believing that the mammoth outlived all that

succession of cold and warm periods known as the

Glacial Epoch proper, and did not finally disappear till

recent postglacial times.

It was probably about the commencement of a cold

period, and before the mammoth had retreated from

Northern Siberia, that those individuals perished
whose carcases have been found frozen in the cliffs.

The way in which they probably perished and became

imbedded in the frozen mud and ice has, I think, been

ingeniously shown by Dr. Rae. His views on the

subject are as follows :

" The mammoths drowned would float down the rivers, and

would probably get aground in three or four feet of water.

As soon as the winter set in, they would be frozen up in this

position. The ice in so high a latitude as 70 or 75 north

would acquire a thickness of five or six feet at least, so that

it would freeze to the bottom on the shallows where the

mammoths were anchored. In the spring, on the breakiug-

up of the ice, this ice being solidly frozen to the muddy
bottom would not rise to the surface, but remain fixed, with

its contained animal remains, and the flooded stream would
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rush over both, leaving a covering of mud as the watt i

sided. Part of this fixed ice, but not t

thawed away during summer, and tor a fresh layer
of ico with a fresh supply of animal remains might be formed

the former stratum; and so the peculiar position and

perfect state of preservation of this immense collection of

extinct animals may be accounted for without having recourse

to the somewhat improbable theory that a very great and

su- Men change had taken place in the climate of that

region."*

Dr. Rae lived some years on the banks of two of tho

great rivers of America, near to wl. enter

Hudson's Bay, and also on the Mack .\ h it 1 1

flows into the Arctic Sea, and had good opportunities
of observing what takes place on these streams, all of

which have large alluvial deposits, forming flat-

shallows at their mouths.

Arctic America duriny o'/^ timr.^. \V,-

have seen that the eastern continent in IM.-i-i

times enjoyed in the Arctic regions interglacial
conditions of climate. It is true that on the we
continent we have not in Arctic regions such cK ar ami

satisfactory evidence of an interglacial period. I

would be rash to infer from t the w-
continent was, in this respect, less favoured than the

eastern. That we should find less evid.-m-e at the

present day of former interracial periods in Arctic

America than in Arctic Asia, is what is to be exp.
for the glaciation which succeeded interglacial periods
has been far more term in the former region than in

. Th- r. mains of the mammoth have, how-
been found in Arctic Am. rica. in ie---cli:

:

Kotzebue Sound, und.-r conditions exactly .similar to

ria.

"
Phil. Mo. M

July, 1874, p. 60.
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In Bank's Land, Prince Patrick's Island, and Melville

Island, as in Northern Siberia, full-grown trees have
been found in abundance at considerable distances in

the interior, and at elevations of two or three hundred

feet above sea-level. The bark on many of them was
in a perfect state. Capt. McClure, Capt. Osborn, and
Lieut. Mecham, by whom they were found, all agreed
in thinking that they grew in the place where they
were found.

It is true that more recent Arctic voyagers have

come to the conclusion that these trees must have been

drifted down the rivers from the south. There can be

little doubt that the greater part of the wood found

there, as in Siberia, is drift-wood. But may there not

be also, as in Siberia, two kinds of wood? a
" Noashina

"
and an "

Adamshina," a kind which was
drifted and another kind which grew on the spot.

This is a point which will require to be determined.

That so little has as yet been done in the way of

searching for such evidence of interglacial periods is,

doubtless, in a great measure due to the fact that most

of those, if not all, who have visited those regions
entertained the belief that there is an d, priori

improbability that a condition of climate which would

have allowed the growth of trees in such a place

prevailed so recently as Post-tertiary times. Even

supposing those Arctic voyagers had considered the

finding of interglacial deposits a likely thing, and had

in addition made special search for them, the simple
fact that they should have failed to find any trace of

them could not, as we have already shown, be regarded
as even presumptive evidence that none existed. Take

Scotland as an example. Abundant relics of inter-

glacial age have there been found from time to time
;

but amongst the many geologists who visit that country
18
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year by year, how few of them have the good fortune

cover a single relic. In fact a geologist mi-lit

search for months, and yet fail to meet wit!.

glacial deposit The reason is obvious. T!

sheet, under which Scotland was buried, was so

nous as to remove every remnant of the preo

interglacial land-surface, except here and th--n- in deep
heltered hollows, or in spots where it may happen

to have been protected from the grinding power of the

ice by projecting rocks. But all those places are now

so completely covered with boulder-clay and other

deposits that it Is only in the sinking of pits. <|u

in railway-cuttings, and other

traces of them accidentally turn up. Now if it is so

difficult to find in temperate regions, in a plan- liko

Scotland, interglacial r< >w much moiv ditlicnlt

niu-t it be to meet with them in Arctic i h.-iv

th- (1. stunt ive power of the ice nm-t have been so

much greater.

Something like indications of an int. i ul.u i.il
j

appear to have been I'mmd ly Professor Nordenskjuld

itzbergen. In th- interior of Ir---i'j<>rd," h says,

"and at several other places on the coast

bergcn, one meets with indie.
' the

polar tracts were less completely covered with ico

during the glacial era than i u-ually suppost

unity with what has been ad in

; 1, interglftcial periods have also occum-d in

ms. In some sandbeds not vn-y nm. -\\

raised above the level of the sea tind

irge shells of a mussel

j

th. Scandii. It i-

now no longer i'-iund in the sea around Sj

h.'ivil, "Ut 1'V tin- :
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constantly driven by the ocean -currents along the

coasts." *

This testimony is the more valuable as it is given

by an experienced geologist so much opposed to the

theory of interglacial periods. A more special and

thorough search of those beds might probably reveal

further indications of interglacial age.

Was Greenland free from Ice during any of the

Interglacial Periods ? There is nothing whatever

improbable in the supposition that, during some of

the earlier interglacial periods, when the eccentricity

was about a maximum, the ice might have completely

disappeared from Greenland, and the country become

covered with vegetation.

Mr. Wallace thinks that the existence at present of

an ice-sheet on Greenland is to be explained only by
the fact that cold currents from the polar area flow

down both sides of that continent. He further thinks

that could these two Arctic currents be diverted from

Greenland,
" that country would become free from ice,

and might even be completely forest-clad and habit-

able." t

I am inclined to agree with Mr. Wallace in thinking
that the withdrawal of the two cold currents in ques-
tion would effectually remove the ice. We know that

Greenland is at present buried under ice, as has been

shown on former occasions, simply because there

happens to be about two inches more of ice annually
formed than is actually melted. It certainly would

not require any very great change in the present

physical and climatic conditions of things to melt two

* "On Former Climate of Polar Regions,"
" Geol. Mag.," Nov.,

1875, p. 531. See also "Geology of Spitzbergcn," "Gcol. Mag.,"

1876, p. 267.

f "Island Life," p. 149.
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additional inches per annum. If this were done, t Ju-

ice would ultimately disappear. A simple decrease in

the volume of the two currents might possibly l>i in^

about such a result. A cause more effectual would,

however, be an increase in the temperature and volume
of the Arctic branch of the Gulf Stream.



CHAPTER XII.

THE DISTRIBUTION OF FLORA AND FAUNA IN

ARCTIC REGIONS.

Flora and Fauna of Iceland and the Faroe Islands destroyed by last

Ice-sheet. How was the present Flora and Fauna of these

Islands introduced? Professor J. Geikie's Explanation. Ice

and Ocean Currents as Transporting Agents.

WE have already seen (Chap. VIII.) that the ice-sheet

which covered Scotland, Scandinavia, the Orkney and

Shetland Islands, and the Outer Hebrides, towards the

close of the Glacial period, was hardly less thick than

that which mantled them at the climax of glacial cold.

It is therefore evident that the flora and fauna of

Greenland, Iceland, and the Faroe Islands could not

possibly have survived in such highly glaciated con-

ditions. The conclusion is thus forced upon us that the

present flora and fauna of these places must have been

introduced during Postglacial times. The question
then arises, How are we to account for the introduction

of the present flora and fauna ? Professsor J. Geikie

thinks* that, in order to account for the present life

forms of these places, we must necessarily assume

that, at some period during early postglacial times, a

land connection must have existed between Greenland,

Iceland, and the Faroe Islands and North-west Europe.
But are we really obliged to assume a land connection ?

I am strongly impressed with the conviction that, in

* "Prehistoric Europe," p. 568.
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respect to the Arctic regions, due attention has not

been bestowed on floating ice and ocean curn-nt j-ar-

ticularly the Gulf Stream, as transporting agents. Of
the multitude of Scandinavian plants carried down by
streams, land-slips, and other causes into the sea, some
could not fail to find their way to Greenland, Iceland,

and the Faroes. The Gulf Stream, of course, would

not directly convey the plants from Scandinavia to

Iceland and the Faroe Islands, but the return currents

might The water flowing out of Arctic seas must

always equal in amount that flowing into them. The
wide-extending Gulf Stream, to the north-west of

Scandinavia, is met by an immense flow of polar
water from the north, which polar current, on m<

the warm stream, passes underneath it, and continues

its course southwards as an umkn urn nt. * \\Yn>

the volume of the Gulf Stream considerably n -due* !,

a thing which it evidently was during at least a part
of the postglacial period, the polar current would not,

as now, pass under the stream, but would pursue its

course as a surface current outside of it in the direction

of Iceland and the Faroes. This current would doubt-

less, now and again, carry to these places materials

d -rived from the Gulf Stream. Tin TO can be no

absolute separation between the Gulf Stream and tli<>

-n currents. The water flowing northward warm

ultimately returns cold. The two sets of currents are

but parts of one general system of circulation.

As for Greenland, wi- hav.- n< ^rounds for concluding

that the waters of the Gulf Stream do not actually

reach its eastern shores, although 1-y that tiim- tin y

may have become part of the cold n turn cum nt. It

is certainly not unlikely that, at a j^nod wh.n th

Arctic seas were less encumlered ly ice than at

'Climat* and Time,' p. 219.
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present, Scandinavian flora might be carried by the

Gulf Stream to Greenland.

Ocean currents will not, of course, explain the

migration of land animals, but floating ice may.

During part of the postglacial period, when the

volume of warm water passing along the Scandi-

navian shores was much less than at present, the sea

would doubtless be frozen during winter. The result

would likely be that some of the animals which might

happen to get on the ice in spring, or in the early

summer, when it broke up, would become entrapped
and carried away on the floating rafts. The same

system of currents which carried the flora to the shores

of Iceland and the Faroe Islands would also carry to

the same place many of the floating rafts. Most animals

would survive for a week or two without food, and

certainly none would perish on an ice-raft for want of

fresh water. In addition, some of the animals might
cross over to the Faroes during winter before the ice

broke up. To some animals, an ice-bridge would be

nearly as suitable as a land connection.

In order that those places should have become

possessed of a flora and fauna, it was by no means

necessary that there should have been a continuous

transference of plants and animals from Scandinavia.

All that was necessary was simply the introduction of

a few members of each species ;
and this could hardly

fail to have incidentally taken place during the course

of a few centuries by the agencies which I have been

detailing.

If a land connection, demanding an elevation of

some 2000 or 3000 feet, be necessary in order to re-

furnish those places with a flora and fauna after a

period of glaciation, then we must assume that there

were prior elevations to that extent, or else assume
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that during interglacial periods, when those
]

would be in a condition even more favourable for lit>

than they are at present, they must have been utt rly

:<1 of lit'.-, without either plant or animal. Thi> is

cvi.l.-nt; for the first period of extreme glaci

would as effectually destroy all life in those regions as

did the last, and an elevation sufficient to produ< a

land connection would be as necessary after the first

glaciation as it was after the last The observations

<>i' Professor J. Geikie and M. Helland sho\\

Faroe Islands must have been separated from Scandi-

navia during the time of the last great extension of

the ice by the same deep trough as now exists: so

that, if the Faroe Islands were not totally devoid of

all life during interglacial periods, tli n must, accord-

ing to the land-connection theory, have been one or

more elevations prior to postglacial times sufficient to

unite those islands with the mainland.

Should it yet be foun<l that Iceland and t!

contain interglacial beds with organic ivmain^

than marine, this will so far militate against tin-

theory of a land-connection; for it would pro\v that

mu>thavel>' ' u immense el vat ions

nbndeaoei of those regions since the beginning
ie Glacial Epoch. Had these consisted

oscillations of sea level, <1<
-p. -mlin^ in some w

the appearance and disappearance of thr if- during

the glacial and interglacial periods, a ivj.. titi.,n ,,f

ns is what might have been expc-ct.-!;

l.ut it i> litr.T,-nt if w- MI].JM<- that th.-y w.-n- >im|.ly

Ifl an.l Mil.>i.l-nn-> of thr lan.l wholly
mected with ph.'iioinrna. Th-

ase, on tt imju-ohahility of .\.n t\\" -iich

:-s occurring in th- MM
;

;

l

ie glacial ep<x-h.
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Some may be disposed to ask, Why did not ocean

currents carry the flora and fauna of North America
into Greenland, Iceland, and the Faroe Islands as

readily as the plants and animals of Scandinavia ? A
very cursory glance at the path of ocean currents will

show the improbability of landing on these coasts

any forms of life floated from the North American
continent.
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thickness of the Antarctic ice-sheet ? I shall therefore

proceed to the consideration of this question.
In 'Climate and Time,' Chapter XXIII., I have

endeavoured to show that the thickness of the ice on
the Antarctic continent must be far greater than is

generally supposed; that whatever be its thickness at

the edge of the continent where it breaks up into

bergs, that at the Pole or centre of dispersion it must
be of enormous thickness.

Since the publication of my work, however, Sir

Wyville Thomson, Director of the Scientific Staff of

the Challenger Expedition, in a lecture on the con-

dition of the Antarctic regions delivered at Glasgow
some years ago, has come to a totally different

conclusion. His conclusion is based chiefly on
considerations relating to the principle of regelation
and the physical nature of ice

; and, as the same

opinion is held by many, I shall examine it at some

length. The following quotation from Sir Wyville's
lecture will show his views on the subject :

" There is one point in connection with the structure of

icebergs which is of great interest, but with regard to which

I do not feel in a position to form a definite judgment. It

lies, however, especially within the province of a distinguished

professor in the University of Glasgow, Dr. James Thomson,
and I hope he will find leisure to bring that knowledge to

bear upon it which has already thrown so much light upon
some of the more obscure phenomena of ice. I have

mentioned the gradual diminution in thickness of the strata

of ice in a berg from the top of the berg downwards. The

regularity of this diminution leaves it almost without a

doubt that the layers observed are in the same category,

and that therefore the diminution is due to subsequent

pressure or other action upon a series of beds which were at

the time of their deposition pretty nearly equally thick.
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About 60 or 80 feet from the top of an iceberg the strata of

ice, a foot or so in thickness, although of a white colour, and

thus indicating that they contain a quantity of air and that

the particles of ice are not in close apposition, are still v.-ry

hard, and the specific gravity of the ice is not very much
than that of layers not more than 3 inches thick

nearer the water-line of the berg. Now, it seems to me that

this reduction cannot bo due to compression alone, and that

a portion of the substance of these lower layers must have

been removed.
"
It is not easy to see why the temperature of the earth's

crust, under a widely extended and practically permanent
ice-sheet of great thickness, should ever fall below the

freezing-point, and it is a matter of observation that at all

seasons of the year vast rivers of muddy water flow into tin-

frozen sea, from beneath the great glaciers which arc the

issues of the ice-sheet of Greenland. Ice is a very bad

conductor, so that the cold of winter cannot penetrate to any

great depth into the mass. The normal t*mj mture of the

crust of the earth at any point where it is uninfluenced by

cyclical changes is, at all events, above the freezing-point, so

that the temperature of the floor of the ice-sheet would

certainly have no tendency to fall below that of the stream

\vhi.-h was passing over it The pressure upon the deeper
beds of the ice must be enormous ; at the bottom of an ice-

sheet 1400 feet in thickness it cannot be much less than a

quarter of a ton on the square inch. It seems therefore

probable that, under the pressure to which the body of too

is subjected, a constant system of melting and regelation

may be taking place, the water passing down by gravitation
from layer to lay. r until it reaches the floor of the ice-sheet,

and finally working out channels for itself between tin ice

and the land, whether the latter be sub-aerial or submerged.
I should think it j.n.tiiilile that this process, or some

HUM! ideation of it, may bo the provision by which the

indefinite accumulation of ice over the vast u

regions of the 'Antarctic Continn .], an.l the
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uniformity in the thickness of the ice-sheet is maintained ;

that, in fact, ice at the temperature at which it is in contact

with the surface of the earth's crust within the Antarctic

regions, cannot support a column of itself more than 1400

feet high without melting."*

The subject is one of very considerable importance,
not merely in relation to the Antarctic regions at the

present day, but also in its bearings on the condition of

things generally during the Glacial Epoch. For if Sir

Wyville Thomson's conclusions in reference to the

thickness of the Antarctic ice be true, they must hold

equally true for the ice of the Glacial Epoch, and

consequently would modify to a large extent prevailing

conceptions regarding the physical condition of our

country during that epoch.

They are therefore conclusions worthy of discussion,

and, as they are diametrically opposed to those arrived

at by myself, I have thought of considering the subject
in somewhat fuller detail, the more so as new elements

in the question have since been introduced.

At the very outset of the inquiry it must be observed

that the question of the thickness of the ice covering
the Antarctic continent is one which cannot be deter-

mined by direct observation. No one, as yet, has ever

been able to set his foot on that continent
;
and the

perpendicular wall forming the outer edge of its icy
mantle is nearly all that has been seen of it. Direct

measurements, and some other facts to which we shall

shortly refer, show with tolerable certainty what is the

probable average thickness of the ice-sheet at its outer

circumference; but observation can tell us nothing
whatever about the thickness of the ice in the interior,

which is the question at issue. This has to be

* "Condition of the Antarctic Region," p. 23. "Nature," vol.

xv., p. 122.

19
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determined by purely physical and mechanical

it inns, based, it is true, on data derived from

observation.

It fortunately happens, however, that the very
circumstances that render the region so difficult to get
at are those which at the same time tend to simplify
the problem. The Antarctic region is the

inaccessible on the globe, but of all regioas it is th

one where the physical conditions are most uniform

and least under the influence of continent circum-

stances, such as those resulting fro;

warm ocean currents in one place and col<l currents in

another, or of great masses of land in one part ami an

open sea in another. We have not in the Antare t

in the Arctic region, well-marked warm and i

aerial currents and cold and dry winds blowingathwart

different areas. Surround i'-.lar con-

tinent lies an unbroken ocean, in an almost uniform

climatic condition. Tl n also, as Sir \Vyville

Thomson remarks, is "continuously solid, that is to

it is either continuous land or <lismcml> nd land

fused into the continental form by a continuou

In this case we can treat it as one continuous

. The South Pole b< 1

sheet, v what \ve

ips never had on tin- m.rt'j. i n hMiii>ph- T. \ en

during the Glacial Epoch a polar ice-?"/'. We have

le in the centre of the cap: , at
t-.ju.-d

distances from the pole or centre, the conditions in

.- respect, both as to climat-- and the thickness of

e, may be nssum.-d to bdi no reason

can be assigned for suppasin-.: tin condition^ in s, -parate

areas upon the sniiu- ]arall-l of latitud-- t-i liir.-r. Thus,

as a pun-ly ]liy-ical and mechanical :, the

OOn4J ild hardly ! more simpliti. d.
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Testimony of Icebergs.-^We shall now enter into the

consideration of the question. In the first place, the

conclusion that "
ice at the temperature at which it is

in contact with the surface of the earth's crust within

the Antarctic regions cannot support a column of itself

more than 1400 feet high without melting" is in direct

opposition to known facts.

The immense tabular icebergs found in the Southern

Ocean, which have been so well described by Sir

Wyville Thomson, are, of course, portions broken off

the edge of the ice-sheet, and the thickness of the

bergs represents the thickness of the ice-sheet at the

place where they broke off. Now, some of these

icebergs have been found to be more than three times

thicker than the limit assigned by Sir Wyville. The

following are a few out of the many examples which

might be adduced of enormous icebergs, taken from
the Twelfth Number of the "

Meteorological Papers,"
and from the excellent paper of Mr. Towson on the
"
Icebergs of the Southern Ocean," both published by

the Board of Trade :

Sept 10th, 1856. The "Lightning," when in lat. 55

33' S., long. 140 W., met with an iceberg 420 feet

high.

Nov., 1839. -In lat. 41 S., long. 87 30' K, numerous

icebergs 400 feet high were met with.

Sept., 1840. In lat. 37 S., long. 15 K, an iceberg 1000

feet long and 400 feet high was met with.

Feb., I860. -Captain Clark, of the "Lightning," whea
in lat. 55 20' S., long. 122 45' W., found an

iceberg 500 feet high and 3 miles long.
Dec. 1st, 1859. An iceberg, 580 feet high and from

2J to 3 miles long, was seen by Captain Smithers,
of the "Edmond," in lat. 50 "52' S., long. 43 58'

W. So strongly did this iceberg resemble land
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that Captain Smithers believed it to bo an i

and reported it as such, but there is littl.

doubt that it was in reality an iceberg. Tln-iv

were pieces of drift-ice under its lee.

Nov., 1856. Three large icebergs, 500 feet high, were
found in lat 41 S., long. 42 E.

Jan., 1861. Five icebergs, one 500 feet hi-h, wire met
with in lat. 55 46' S., long. 155 56' W.

Jan., 1861. In lat 56 10* S., long. 160* W., an ice-

berg 500 feet high and half-a-mile long was
found.

Jan., 1867. The barque "Scout," from the West Coast

of America, on her way to Liverpool, passed some

icebergs 600 feet in height and of great

April, 1864. The "Royal Standard" cam- in

with an iceberg 600 feet in hri-j-ht.

Dec., 1856. Four large icebergs, one of them 70<

high and another 500 t \\ith in lat.

50 14' S., long. 42 54' E.

Dec. 25th., 1861. The "Queen of Nat i n^ i. 11 in with

an iceberg in lat 53^ long. 170^ V,

feet high.

Dec., 1856. Captain P. W>
foun.l in lat. 52* 31' S., Ion- \\ kwo

large icebergs, one at least 80() IV.-t lii-h.

Mr. Towson states that one of our i

bratedandta inf. .nut ,1 him
he had seen icebergs in the south* m r

800 feet hi-li.

Marcli *J:Jr.l. 1S55. The "Agneta" passt-l an b
in hit 53 14' S., loi

jht
\

-^l,ij)
"<:, n.-n.l r,ar..n V,.n

Geon" passed an i.
' M) I'-

- t hi^h in lat. ::7^

I V n/E.
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From the fact that the ice forming the upper layers
of the icebergs is less dense than that of ordinary ice,

Sir Wyville Thomson estimates that as much as one-

seventh part of the berg may be above water-line.

But, for the following reasons, I am unable to agree
with this estimate. It is true, as he remarks, that the

white ice which forms the upper portion of the berg is

less dense than ordinary ice, being composed of recent

snows; but, on the other hand, this will be counter-

balanced by the greater density of the lower portions
of the berg, which have been subjected for ages to

enormous pressure. I hardly think that there is any
good reason to conclude that the mean density of the

bergs is much under that of ordinary ice, namely,
092*

But even if we admit that as much as one-seventh

of the berg is above water, still a berg 500 feet in

height would be 3500 feet in thickness, and one 600

feet would be 4200 feet thick, while one 720 feet high,
of the tabular form, would be 5040 feet, or nearly a

mile in thickness.

It would not, of course, be safe to conclude that the

thickness of the ice below water bears always the

same proportion to the height above. If the berg, for

example, be much broader at its base than at its top,

the thickness of the ice below water would bear a less

proportion than that indicated by the difference of

* It is true that, from observations made ("Quart. Journ. Geol.

Soc., Feb., 1877) on the density of ice in Disco Bay, Mr. Amund
Helland found that, in consequence of the amount of air-bubbles

contained in the ice, its density was only 0'886, and from this he

concluded that one-seventh of the bergs was above water. But he

does not state at what part of the berg his specimens were taken.

If they were taken from near the top, or even at the water-line, it

might have been expected that the density would be very consider-

ably under that of ordinary ice.
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specif y of ice and water. But a l>erg su<

that recorded by Captain Clark, 500 f t l.i_rh an-1 :\

miles long, may be relied upon as havinir the propor-
tionate thickness un-i The same may be

said of the one seen by Captain Smithors, whirl

580 fc t hiur
h, and so large that it was taken for an

'nl.

It maybe here remarked that a berg does i.

higher out of the water because th.- 11-!

happens to be uppermost. The height above water

is determined by the mean >f the berg, an-1 i >

in.- no matter how the va: v }

<li>tril>utr<l through the mass. It would be tip-

though the berg were turned upside down. Tin-

follows as a necessary cons* from th>

the amount of water displaced by the ber^ i>

to its weight, and of course it is the same wl,

side be uppermost.
To a force of the evidence <l'>riv< d ti

uony of the icebergs, it is assort ! l.y

thr h rights thus reconlf'l are mere guesses. anl nt
the result of actual measuroin-nr. Hut -wh an n|.inin
i> in .iir.rt contnv ion of

A-lmiral Kit/roy. who collected the evidence on th<>

H- states that "by angulnr anl n-liaM.-

:

I some of tin-in have IHM-H f.mnd to bo
i- riijlit Inin-lr.-'l i'.-.-t hi^h and several mi!

( ir< Ulnf. 1

Mill Sniith'-rs for <

xainj,!,-.

<lid not actually iiu-asiirc the iccbc-r^ to whirl,

ul.l not hav.- known that it, !.

fact that

it to be 5SO, ami imt ."00 or GOO, or t-.t.

surdy iiiijili.-^
that In- r.-ally m.-avun ! it. Th.- iisser-

ti'-n
'

or 5 feet s i
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in height would not imply that this was his measured

height; but if we asserted that he was 5 feet 6J
inches or 5 feet 8f inches high, we should necessarily

convey this impression. In like manner, Captain

Smithers, by assigning to the iceberg an altitude so

particular as that of 580 feet, distinctly conveys the

impression that such was the height obtained by
actual measurement. Similarly we conclude that the

captains of the "
Queen of Nations" and the "

Agncta"

actually measured the icebergs which they respectively
declared to be 720 and 9GO feet high.
In reply, it may perhaps be asserted that no record

of an iceberg 500 or 600 feet in height is to be found

in the log-books of the Navy, and that all those

instances of enormous icebergs have been given by
masters of merchant vessels, who, as a rule, are not so

competent to make accurate measurements. It is

doubtless true that the latter generally are not so

well qualified for such work as naval officers
;
but it

is hardly credible that they should all have gone so

far astray in their measurements as to estimate heights
at 500 and 600 feet which in reality were only 200

feet. Now, if but one berg 500 feet high has ever

been seen in the Southern Ocean, it is proved that

even twice 1400 feet is not the limit of the thickness

of the Antarctic ice.

But it is not the case that no naval officer has met
an iceberg of those enormous dimensions

; for, as we have

already seen, Mr. Towson states that one of our most

celebrated and talented naval surveyors informed him
that he had met icebergs in the southern regions 800

feet high. It is, however, not to be wondered at that

so few naval officers have seen such bergs, for they are

of very rare occurrence. They have been met with

chiefly in latitudes that are traversed by thousands of
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merchant ships for one vessel belonging to the Navy.
Aii'l perhaps not one out of every ten tl m< r-

chantmen has ever fallen in with one of the great
ice islands we now speak of.

The testimony from icebergs may therefore bo

regarded as decisive against the opinion that th<

Antarctic ice cannot be more than 1400 feet tin

That 1000 or 2000 feet cannot be the limits of

thickness attained by continental ice is amply proved

by the geological evidence, which goes to show that

during the Glacial Epoch the ice in some places much
exceeded 1400 feet Professor Dana has proved
that during the period -in question the thickness

of the ice on the American continent mu^t in many
places have been considerably above a mi 1<>. II

shown, that over the northern border of New England,
the ice had a mean thickness of 6500 feet, while it.

mean thickness over the Canada water-shed, between

St. Lawrence and Hudson's Bay, was not less

12,000 feet, or upwards of 2J miles.* Professor

Erdmann and Mr. Aimm-l H.-llan-l have ^h<wn that

in some parts of Scandinavia was at least 0000

lick. 1 1 has been proved by M.Guyot an- 1 <

the great valley of Switzerland was formerly
filled with a mass of ice between 2000 and 300<>

in thickness. Mr. Jamieson found that the is.

mountain of Schiehallion, in I', rtli^i hi^h.

is marked near its top as well as on it, i thi,

n.t l,y i.-e flowing down tin- side of tin- hill it^-lf, lut

passing over it from th- north. Dr. .'

wii f that the ic- mainlaml

H- 1'i-i'les was as much as ,S700 f

thickness. The great mass of ice from Scandn

See " American Journal of Science

f "Quart Journ. OooL Soc.," roL xxxiv., p. 861.
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filling the Baltic and the North Sea, during the Glacial

Epoch must have been over 3000 feet thick at least. *

The Temperature of the Antarctic Ice.

In examining the physical reasons which have been

advanced for the limit assigned to the thickness of the

Antarctic ice-cap, we must first consider the probable

temperature of the ice; for not only does the thickness

of the sheet depend, as we shall see, to a considerable

extent on the temperature of the ice, but misappre-
hensions on this point will tend to vitiate all our

reasoning on the subject.

There are but three directions from which the ice-cap

can receive an appreciable amount of heat, viz., (1) the

air above
; (2) the earth beneath

;
and (3) the work of

compression. Other sources can yield little, if any
at all. For instance, the amount carried inward

horizontally from the outer edge of the cap by
conduction must be infinitesimal, and indeed can never

affect the interior, as the ice moves outward more

rapidly than the heat can possibly travel inward.

Heat derived from Beneath. We shall begin with

the consideration of the heat derived by the bottom of

the sheet from the earth's crust. The researches of Sir

William Thomson enable us to determine with a

tolerable degree of certainty the amount received from

this source. He tells us that through every square
metre of the earth's surface 220 metre-tons, or 1,613,700

foot-pounds, of underground heat pass upwards
annually. Through every square foot, therefore, there

must come 149,600 foot-pounds. This amount is

sufficient to melt a layer of ice, already at the melting-

point, one-fifth of an inch in thickness. But under-

* '
Clirruite and Time,

5

Chap, xxvii.
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ground heat would probably be insufficient to im It

even so small a layer, since a portion of the heat must,

doubtless, be expended in passing through

maintaining at the melting-point a few inches of the

ice at the bottom of the sheet

At first we might be apt to suppose that under-

ground heat ought to travel up through the ice in the

same way as through the strata of the earth below,
ami to make its presence sensibly f.-lt at no great
distance from the surface of the she however,
is impossible; for (1) the greater part of tl.

spent not in raisin LT tl:- temperature, but in melting
the ice; and (2) the ice when melted immediately runs

off, carrying the heat along with it. But it will l>e

replied, that, notwithstamli if the temperature
of the ice be much below the freezing-point, th.

constantly passing into the solid layers at the bottom

of the sheet, though trifling, ought in course of ages to

pass up through the ice, affecting its temperature not

for a few inches, as I have supposed, but for a thickm-.ss

of a great number of feet "NV. n tin- ice. like the gmuml
underneath on which it rests, to remain immovable,

\vould no doubt be the case ; but tl in a

state of constant motion outwards from

dispersion, and no sooner is a particle of i
1 KM heated

than it moves away, ami it> pla<-,- is Mippli.-d by
another

]
-mm behiml, which in turn requires

to be heated Besides, the ice has always a downward
as well as a horizontal m"t!n; for all the in- found at

the liottom comes primarily fn>m th- top. ami that

removed from be! ;.lar.-.l from ab..\,-. If. -nee

;ily i> int'-mal hrat from below carriel away by
the h.ri/.,ntnl flow .f the i<-,.. but the upwanl motion

of the li- by a downward How of tin- i< e

from above; and the ice is, in all probability, n
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downwards more rapidly than the heat is travelling

upwards. We must therefore conclude that under-

ground heat is confined to a very thin layer of the cap
at the bottom, and that its effects, either in melting the

ice or in raising its temperature, are so trifling that

they may be practically disregarded in our present

inquiry.
It must further be observed that when it is stated

that underground heat will maintain at the melting-

point the ice in contact with the ground, it is not

meant that it will maintain it at the temperature of

32, for, as Prof. James Thomson discovered, the

temperature at which the ice melts is lowered by
pressure at the rate of about 0'0137 F, for every

atmosphere of pressure. In the present case the

pressure depends upon the thickness of the ice
;
so

that, if the sheet be 1400 feet deep, the melting-point
will be 31'5

;
if half-a-mile deep, it will be 31

;
if 1

mile deep, 30
;
and so on.*

Heat derived through the Upper Surface. It follows,

from what has already been shown, that the greater

* The melting-point does not, however, vary uniformly with the

pressure ; for Mousson (Ann Chim. et Phys., 3rd series, Ivi., p. 257,

1859) found that it required a pressure of 13,000 atmospheres to

lower the melting point to zero F.
, whereas, if the melting-point had

decreased in proportion to the increase of pressure, a pressure of

2337 atmospheres would have been sufficient. Boussingault
succeeded in lowering the melting-point 11 below zero F., but the

amount of pressure employed was not determined (Ann. Chim. et

Phys., xxvi., p. 544, 1872).

The fact that the melting-point of ice would be lowered by pressure,
or rather that pressure would prevent freezing, was suggested nearly
a century ago by Dr. Charles Hutton, Professor of Mathematics in

the Military Academy of Woolwich. From certain experiments on

the expansive force of ice, made in Canada by Major Williams, in

the year 1784-85, Dr. Hutton makes the following remarks :

"From these ingenious experiments we may draw several con-

clusions : First. \Ve hence observe the amazing force of the
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if not nearly all, the heat possessed by the ico

have been received through the \\\
I not

the u face of the sheet But v

present concerned with is not so much the amount of

heat received by the ice as the temperature at which

the heat can maintain the ice. In short, the question

to be determined is What is the temperature of tin*

Antarctic ice? Now, if nearly all the heat possessed
has been received from the upper surface of

the si temperature of the mass must be mainly
n iin .1 l.y that of the surface, and cannot 1

above the mean temperature of the surface. If so, the

temperature of the ice urn ally be

considerably below th< _,'-point.

(1.) If we suppose the heat to be transmitted fn>m

the surface downwards by < <m, we mu t

necessarily conclude that the surface Is at a higher

temperature than the ice below, for conduction can

only take place from a hot to a colder body ;
ami this

process could not possibly maintain the IMO.VS of the

ico below at a t- mj >i -rature equal to the mean tem-

perature of the surfa< general tendency of

action wouM, tin reforc, be to k-

at a lower temperature than that at th-

work of Radiation, how ; 1 1 proba-

bly have the opposite tendency. T;

t radiation from the sun could not o.ssil.h

of the ice, or the water in the act of freezing .

sufficient to overcome perhaps any resistance whatever; and the

oonseqtienoe teems to be, either that the water will freeze, and, by
expanding, hunt the containing body, be it ever so thick and strong ;

or else, if the resistance of the body exceeds the expansive force of

the ice, or of water in the act of freezing, then, by preventing
rW prevent the /ret:ing, atul Ike water trill remain

'rkatevcr Uu degrtt. qf toltt may be." (Trau
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the temperature of the ice above 32, but the heat lost

by radiation might lower the temperature to far more
than 32 below zero. If the heat received from the

sun's rays should keep the surface of the ice at, say, the

melting-point during the summer, and the heat lost by
radiation should keep the surface at, say, 50 below

the melting-point during winter, which is not an

extravagant supposition, the mean temperature of the

surface would then be 25 below the melting-point, or

7 F. But the mean temperature of the underlying
ice would not be so low; for the low mean temperature
of the surface is almost wholly due to loss by radiation,

into stellar space during winter, and this loss would be

chiefly confined to the surface. Had the surface been

rock instead of ice, the rise of temperature during
summer would have been about as great as the decrease

during winter, and consequently the mean temperature
would have been much higher than in the case of ice.

Hence, the difference between the mean temperature
of a rock surface and that of the rock below would

not be so great as in the case of ice. The tendency of

direct radiation, therefore, is to maintain the surface

of the ice-sheet at a lower temperature than that of

the underlying mass.

(3.) This tendency is strengthened by another

circumstance which comes into operation. During
summer, a large portion of the direct heat from the

sun is spent in melting the surface ice. The melted

ice passes down through crevasses and openings in the

sheet, thus carrying the temperature along with it.

The heat of summer is by this means carried down
below the surface, but not so the cold of winter.

The melting of the ice on the Antarctic continent

will be greatly retarded, however, by the coldness of

the air, the temperature of which, even during summer,
20
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is considerably below the freezing-point. A wind, .-i

few degrees below the freezing-point, Mowing on t Ju-

icy surface would probably re-freeze the ice as rapidly
as the sun's rays could melt it These con<liti<m> lit!. r

entirely from those that obtain in the Arcti

Jn the latter the air in summer is above the freezing-

point, and consequently assists th< MIH in uniting the

ice, whereas in the Antarctic regions it is Wlow th-

freezing-point, and tends to prevent the sun tV. >m

i IK It ing the ice. This circumstance explains tin-

which so much surpi James Ross, that no

uis of water flow off the Antarctic in-, si mi

those that escape from the great
'

, Ian. 1.

Such water as formed on the surface c<ull not

penetrate to any considerable depth, for tin- io\ as we
shall presently see, being much below

point, the water would be re-frozen Ixi'mv it .

descend to any great depth.
It therefore follows that the grc . up

t<> within a short distance of the surfac. cm 1 \. i y
little affected by heat transmit \ conltu-

tion, or by radiation, or by m< Ited at

the surface.

Heat derived from Work of Compression
Friction. I shall now consid* r tin thinl an

source from which U'c/7.-

of Compression r// ton, We are fortm

ul'l.- to come to a j.n-tty l.-linit- conclusion in regard
to the total amount of heat <1< rival k> from this .s<>um .

employed is (> thus

v the greatest amount of \\-ik

which that can po^ihly p.-rl'..rm
.

pressin l.i.w.-\. r <^reat, cann urse gen
heat unless it ami th.- h< at thus

i-.iporti..nat.- to tin- pn-ssur.-. hut to
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the work performed, and the amount of work done by
pressure is proportionate to the space through which

the pressure continues to act. When the pressure is

gravity, the work is measured by the distance that

the body is allowed to descend. A pound weight

descending 1 foot performs 1 foot-pound of work
;

descending 2 feet it performs 2 foot-pounds ;
and so

on in proportion to the number of feet of descent. In

estimating the total amount of work which gravity
can perform in the descent of a glacier down the side

of a mountain, we measure the work by the vertical

distance the glacier descends; but in the case of the

Antarctic ice -cap, the slope of the ground does not

enter as an element into our calculations, for the

ground is assumed to have no slope, the continent

being regarded as flat. The surface no doubt may
have great irregularities, such as hills and mountain-

ridges ;
those irregularities, however, do not assist

gravity, but rather act as obstructions to the general

flow of the ice.

Nevertheless, just as in the case of a glacier, the

amount of work that gravity can perform is determined

by the distance the ice can descend
;
and this distance

is determined not by the slope of the ground, but by
the thickness of the sheet. If the Antarctic ice-sheet

be 1400 feet in thickness, the greatest distance to

which a pound of ice can descend is of course 1400

feet. Gravity acting on this pound of ice can, there-

fore, perform only 1400 foot-pounds of work. But,

in order that gravity may do so, the pound must

descend the whole distance from the surface to the

bottom of the sheet. In estimating the total amount

of heat which could possibly have been conferred on

the ice by gravity, we must find the mean vertical

distance to which the ice has descended. This, of
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course, in the present case, is equal to 1 hick-

ness of the sheet, viz., 700 feet. If 1400 feet, .

Wyville Thom-oii Mipposes, be the thickness of the

Antarctic ice-cap, 700 foot-pounds per poun-1
utmost quantity of work that gravity can hav

formed on the ice. Supposing the whole of this work

had been employed in heating the ice by compression,
<>r l.y the friction of the particles of the k <>n <>n.-

another, or on the rocky floor of the sheet, the heat

Lfein -rated would not have amounted to one thermal
unit per pound of ic.-. The

,-; l>eing
about one-halt' tliat of water, the total work of com-

pression assuming that it had all been < 1 into

heat, and the heat equally distriUit. -.1 through the

nit ire mass of the cap would not have raised tin*

I
>erature of the ice by 2.

The foregoing considerations do not afford a means
of determining what the actual temperature ( .i th-

great mass of the ice below the surface is. Th. \ -h< \\ -,

however, that what-\rr that t-in]n-niturr may l>r, it U
not very materially n ith. r l.y th. h

compression, or by underguun.l 1). at, or l.y that t

initt.-.l from the surface either by r l.y

melted ice.

On whiit. th.-n, does tlic temperature of th-

mainly l.-p.-iid
*

Temperature of the Ice Determine /

twre of the Surface.
r

\ h. t. -n

mass of t! mainly .L'tmnin. -1 l.y thr

temperature of tin- UPJKT surface of the >h,- t t. All

th.- ic.- down to the bottom of th.- >!, nally
:

in the form of a coating of snow, which, l-romin^
i-lat.-.l into ic.-, W;LS nf't.-r\\ anU .

with fiv>h layer, .

| ; turn, \m
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into ice, were buried under succeeding snows, and so

on. The ice that formed the surface a century ago
now lies buried below the ice of a hundred years, and
a hundred years hence its present position will be

occupied by the surface ice of to-day. There is not

only a constant motion of the ice from the pole out-

Avards, but a constant downward motion as layer by
layer is successively formed on the surface.

From what has been proved regarding the small

quantity of heat which can be directly transmitted

through the ice, it follows that the superficial layers
will carry down with them pretty much the same

temperature which they possessed at the surface at

the time when they were covered up by succeeding
snows. Any heat which they can derive from the

work of compression, as has been shown, is but trifling.

Heat transmitted by conduction could not possibly
raise the temperature of the underlying ice above that

of the surface; neither could the heat from direct

radiation, nor that derived from melted ice.

As the temperature of the ice, then, cannot be much
above the mean temperature of the surface, which is

far below the freezing-point, it follows that the

underlying mass must also be below the freezing-

point. The very low temperature of the superficial

layers is due to the fact that the mean temperature of

the air above the surface is far below the freezing-

point a temperature which the icy surface cannot

much exceed. The sun during summer may possibly
heat the air sometimes above the freezing-point, but it

cannot, of course, so raise the temperature of the ice

without melting it.

Again, as solid ice is a better radiator than gaseous

air, the surface of the sheet during winter would pro-

bably have its temperature lowered by radiation to a
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greater extent than the air. The probability is that

the mean annual temperature of the surface is a

as, if not lower than, that of the air over it. And

although the mean temperature of the regions around
the South Pole has not been ascertain. -.1 l.y

observation, yet it certainly cannot be much higher
:) i. in that of those around the North Pole, which we
know is but a few degrees above zero F.

Now, if the mean annual temperature of th

the Antarctic ice-sheet be not v.-ry much above
zero F., then that of the surface of t

1 cAnnot l>o

much higher; and if this lo so, it follows, frmii what
has been already advanced, that the temperature of the

great mass of the ice down to near the bottom of the

sheet must be considerably below t i^-point.

Temperature of the Ice vn some Regions dc>

.-essure. In regions such as Switzerland, win Ti-

the mean temperature is above the freezing-pour

temperature of the ice in tin- interior of aglnci. r U u.t

nin.-d l.y the air above. The t< -ndcncy of tl

in this case Is to keep the entire mass of the glm i

tin- melting-point. But as the temperature of tin;

m.'hin^-p.int d-]>'nd> ujnin th- ).n-sun-, thr t-i;

ture of the glacier at any depth from the surfac.- will

1 upon the pressure to which the ic- at that

l.-|ith is subjected. At and near ,\h.-i-,-

the pressure is small, the t-MipTntinv <-f th- ice will

be 32. At the depth of a quarter of a mile, win n- the

pressure would be equal to

ould be, not 32, as at th l.ut

31'5. And if the jrla.
- ,i!r thick the

'in would lie .'H
, and so on in

B t> the tliiekness of tlie glacier. This

.Itinjj-point could not, ho v.

on without limit, t'. -r in a country like Swit/.Tland a
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point would soon be reached where the ice could no

longer retain the solid form. If, for example, owing
to the heat of the climate, we could not have ice at a

lower temperature than say 30, then a glacier over 1

mile in thickness would be an impossibility, for the

bottom of a glacier of greater thickness would not

remain solid at that temperature.

Having considered the various circumstances affecting

the temperature of the Antarctic ice, and the sources

from which it derives its heat, we have found that

the temperature of the ice must be considerably under

the freezing-point. We are now prepared to examine

the reasons which have been adduced for concluding
that about 1400 feet is the probable limit to the

thickness of the Antarctic ice-sheet.



CHAPTER XIV.

HOBHJil <"M>IT10NS OF THE ANTARCTIC K

Continued.

Limit to Thickness of the loe resulting from Melting produced by
Pressure.--Supposed Diminution in Thickness of Ice-strata

Compression and Melting. Centre of Dispersion. Ice thickest

at Centre of Dispersion. Thickness at >

Amount of Snowfall Rate of Motion of the Antarctic lea-
Probable Thickness at the Polo. Ice of the Glacial KI-

Examination of the Seasons for Supposing tlmt (lie

Antarctic Ice-cap is not of Enormous Thickness.

1 . /. .',..''.' the Tltickness of the Ice result

M< I ting produced by Pressure. Pressure will produce
a melting of tin- icv in two totally ditli-r. -MI \\ a\ -, \ i/.,

r ly lo\\ melting-point or by the

of compression. I shall consider both cases, nn<l

any ground Ls afforded by t tin-

conclusion that the Antarctic ice can be only one or

neas.

(a.) Melting produced by the Lowering of the

!nnt. The pressure 1 y u column

of half a mill- in hi-i^ht \\MiiM, JLS \vr have

seen, lower the melting-point 1; consequently, if tin

column \\en- at tin- temjxTature of 32, its base, 1

1 above the meltin- l"-int, \vouM not remain in t!..-

M.H.l condition. To j.r.-vent the ice melting, tip

of the base woul-1 tob M l"\v ,

in]-, ran, Antarctic
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ice, Sir Wyville Thomson's conclusion, that the sheet

cannot be more than 1400 feet in thickness, would

follow as a matter of course.

But his supposition that, owing to internal heat

coming through the earth's crust, the bottom of the

Antarctic ice-sheet is kept at the temperature of 32,
cannot be sustained. It is this fundamental error, as

I conceive it to be, which has led Sir Wyville astray,

and induced him to believe that the ice cannot be of

excessive thickness.
" The normal temperature of the crust of the earth,"

says Sir Wyville, "at any point when it is uninfluenced

by cyclical changes, is, at all events, above the freezing-

point, so that the temperature of the floor of the ice-

sheet would certainly have no tendency to fall below

that of the stream which was passing over it. ...
In fact, ice at the temperature at which it is in contact

with the surface of the earth's crust within the

Ajntarctic regions, cannot support a column of itself

more than 1400 feet without melting."
In the question under consideration we are directly

concerned with the temperature of the surface of the

earth's crust only, the floor on which the ice-sheet

rests, and not with the temperature below the sur-

face. It is perfectly true that at considerable depths
below the surface internal heat maintains a tempera-
ture above the freezing-point ;

but it is not true that

it determines the heat of the surface. Underground
heat produces scarcely any sensible influence on the

temperature of the surface, which is determined almost

wholly by that of the air and other external agencies.

The temperature, in short, is determined from above,

nnd not from beneath. In warm countries, where the

temperature of the air is high, that of the surface is

high also. And so likewise in cold climates, the low
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'ire of the ai iratively l.,\v

temperature to the surface. Suppose our globe to

be enveloped for some thousands of years with a

covering at the uniform temperature of say 100;

uppose, further, that 5000 should represent the

temperature of the earth's mass; then, in such a

ease, there would be a gradual decrease of t-mp.-ra-
1 rom 5000 at the centre to 100 at the surface.

Let us suppose now the warm covering is removed,
aii'l replaced by one at 100. In the course of some
thousands of years there will be a gradual decrease of

temperature from 5000 at the centre, as before, to

100 at the surface. Intermit li. at limit- tli-

penature at the centre, but external heat liuii;

y case the temperature at the surface.

To maintain, as Sir \Vy\ ill.- Thomson doev

temperature of the floor on which tin- Ant

ice-sheet rests, is virtually to beg the whole question
at issue. It is the temperature of th.- in- that .1. -t. -r-

mine.s that of the floor on which it rests, and nut the

it determines the fom
What the temperature of the ground urnier the

Antarctic ice-sheet may be is a question which at

present we have no means of ascertain inuf \vitl

: w- Know only that it must be far below the

freezing-point, for the ice resting on it is considerably
umler that point.

Although t! ,-ature of tin- ice mu-t impose a
limit to the thickness of the sheet, underground

perature cannot do so, for the temperature
t determin*-.! },y unler^nmnl 1

But supposing we knew the temperature of the

thU knowI,,l U'e \vouM not enal.le

US to lei-rinine \\itli e. rtainty th- limit impo>,-l |,\-

temperature on the tliii-kn >s of th..- ice. Fi-i
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ing in cases where the temperature is but very little

below 32, we are at present, in the absence of experi-

ments, unable to say what would be the amount of

pressure necessary to lower the melting-point to any
assigned temperature. The experiment of Mousson
shows that Professor Thomson's formula, t=0'Ol3Tn,
does not hold true when the pressure is excessively

great. A pressure of 73 atmospheres will lower the

melting-point from 32 to 31; but if Mousson's experi-
ment is to be depended upon, a pressure of 400

atmospheres would be necessary to lower the melting-

point from 1 to 0. That is to say, were sufficient

pressure applied to lower the melting-point to 1, it

would require an additional 400 atmospheres to lower

it to 0. The rate at which the melting-point is

lowered by pressure is evidently not uniform, but

decreases with the increase of pressure. Were the

temperature of the ice at the South Pole as low as

32 below the frezing-point, which doubtless it is not,

it would, according to Mousson's experiment, support
a thickness of not less than 90 miles. But if the rate

did not diminish with the pressure, but remained

uniform, a pressure of 16 miles would be the limit.

From what has already been proved, I think we

may safely assume that the ice at the South Pole may
be at least ten or twelve degrees below the freezing-

point. We are unable to say what thickness of ice

this temperature could support, but we know that it

must be over 6 but under 30 miles.

But whatever the actual temperature of the Antarctic,
ice may be, if the sheet be as thick as the temperature
will admit, then underground heat can never raise the

temperature of the surface under the sheet sensibly
above that of the ice. This is evident, because it

cannot raise the temperature of the ice above the



228 DISCUSSIONS IN CY.M/.l TOLOQ Y.

inch ing-point correspon<lin i the

ice will always keep the floor at sensibly the same

temperature as itself. In short, in determining the

thickness of the Antarctic ice, underground heat does

not enter as an element into our calculations, and, so

far as the melting of the ice produced by the lou

of the melting-point Ls concerned, tin- Antarctic i

the Pole may be a dozen of miles in thickness as

readily as 1400 feet

(b.) Melting produced by Work of Compression
Ion.

" The pressure upon the deeper beds of

ice," says Sir Wyvill.- Thomson, mu-t be enorn

at the bottom of nn ic -. ^heet 1400 feet in thickness it

cannot be much less than a quarter of a ton on the

square inch. It seems, therefore, probable that, under

the pressure to which the body of ice is sul>j< -ct !. a

constant system of melting and regelati .n may IN- taking

place, the water passing down by gravitation from

r to layer until it reaches the floor of th--

sheet, and finally working out channels fur it^-lf

between the ice and the land, whether the latter 1-e

subaerial or submerged."
As has already been stated, no amount of

j
!.-- -UP-.

however great, has the least tendency whatever to

produce a melting of the ice by h. at unless this

pressure performs work, and the quantity of ice

melted will then be, not in j.roju.rtion to the pressure,
hut t" t ji.-rforme.l l.y the ]nvs>uiv. The

pTOBM r.-f.-rr.-.l to, whi
; -posed to pro-

b the
-ire'ujht of the ice, (.r, in oth.-r

ee of gravity.
When COOriderin^ the amount of heat l-riv-.l from

of coin] POI ! that, in the case

tht- totjil amount of work
which can

j.-
: -rmed by gravity is d
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mined by the thickness of the sheet. It was shown

that, if 1400 feet be the thickness of the sheet, 700

foot-pounds per pound of the sheet is the greatest
amount of work that gravity can perform. It follows

therefore that, supposing the whole of the work is

employed in heating the ice by compression and fric-

tion, the heat thus generated would amount to only
0'9 of a thermal unit per pound of ice. It must be

obvious that, in the case of a flat and tolerably uniform

sheet like the Antarctic, in which the pressure must
of course be pretty evenly distributed, little or no

melting can take place from this cause, as it requires
not 0'9 of a thermal unit, but 142 thermal units, to

melt a pound of ice already at the melting-point.
The total work of 158 pounds of ice would need to be

concentrated upon one pound in order to melt it. But
such an unequal distribution of force in a sheet so

uniform is at least extremely improbable. The tabular

form of the southern icebergs, with their stratification

parallel to their upper surface, shows the flat character

of the ground on which they have been formed. This

circumstance appears to have particularly struck Sir

Wyville Thomson, as well as all who have visited the

Antarctic regions. "The stratification," says Sir

Wyville, "in all the icebergs which we saw, was, I

believe, originally horizontal and conformable, or very

nearly so. I never saw a single instance of deviation

from the horizontal and symmetrical stratification

which could in any way be referred to original
structure As I have already said," he

continues,
"
there was not, so far as we could see, in

any iceberg, the slightest trace of structure stamped

upon the ice in passing down a valley, or during its

progress over roches montonntfes, or any other form

of uneven land
;
the only structure, except the parallel

21
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stratification, which we ever oU, -m-d which coul.l 1 ...

regarded as Waring u\*>n th- inodo of original f<>nna-

tion of the ice-mass, was an occasional local thinning

out of some of the layers ami thickening of others,

uch an appearance as might be expected to result

from the occasional drifting of large beds of

.

tli,-y have time to become consolidate 1."
*

The comparative absence of stones, gravel, or earth

on tin- .southern icebergs shows, likewise, tin- tlat natuiv

of the Antarctic ice-covering. "We certainly never

saw," says Sir Wyville,
"
any trace of gravel

or any foreign matter, necessarily derived fn.iu land,

on an iceberg."

But supposing we should make the extravagant

assumption that in this comparatively Hat anl uniform

sheet the pressure, by some un-\plain.-d means is not

evenly distributed, hut that, mi th.- contrary, it i-, all

brought to bear on certain points and con^nm-d in

melting the ice, and that the total quantity of i-

melted is the exact equivalent of the work perf< :

by gravity; and let Us furthrr asquint- that tin- mtin:

mass of the ice is already at the m It ini: point, and

that, therefore, no \vm-k is re juin-d to t.m
porature, tli.-n tlie toUl (juantity of ic- in. It. .1 would

*9 1
be of course TVS, or

JVTT
of tin < mire mass. Clravity

rform only v of the amount of

ired to melt tin- ntin- sh.-.-t. If we suppose the

sheet to be 1400 feet thick, then of this thickness

will l*> equal to !) 1 I A lay.-r of ice about 9 fe.-t in

total amount that gravity

" Antarctic Regions," p. 16.
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could, in such a case, under any circumstances have

melted.

But more than this, it must be borne in mind that

these 9 feet represent the total quantity which could

be melted during the whole time the sheet was being
formed

;
that is, from the time the bottom layer fell

in the form of snow on the surface down to the

present day. We have no means of ascertaining the

length of this period. If we assume it to be 10,000

years, and this is probably an under-estimate, then

9 feet of ice melted during that period would amount

to only 1 inch in 92 years, or Q^
^ an ^ncn annually.

But whether the period be 10,000 or 5000 years, the

quantity is so trifling that it may be practically dis-

regarded in the present inquiry.

Nor is this all
;
for if the great mass of the ice be

as much as 2 below the freezing-point, which it

undoubtedly is, the total amount of heat generated

by compression and friction during the 10,000 years
would not suffice to raise the temperature of the ice

even to the melting-point.
The Great Diminution in the Thickness of the

Ice-strata from the top downwards not due, as

supposed, either to Compression or to Melting.
The thinness of the lower as compared with the more

superficial strata of the ice-sheet is considered by Sir

Wyville Thomson to be mainly, if not altogether, due

to two causes, compression and melting of the ice,

particularly the latter.
" The regularity of this

diminution," he says, "leaves it almost without a

doubt that the layers observed are in the same

category, and that therefore the diminution is due to

subsequent pressure or other action upon a series of

beds which were at the time of their deposition pretty
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y equally thick. About 60 or 80 feet fron:

top of an iceberg the strata of ice are a foot or

thickm^s although of a white colour, ami thus indi-

cating that they contain a quantity of air, and thai

the particles of ice are not in close apposition, art- still

very hard, and the specific gravity of tin- :

very much lower than that of layers not more than

three inches thick nearer the water-line of the berg.
Now it seems to me that this reduction cannot be

due to compression alone, and that a portion of the

substance of these lower layers we been

removed." *

If the Layers three inches thick n.-ar the w.it.-r-line

were once a foot in thickness, as no douU they were,
th n this great diminution in thickness cannot have

been due to compression; for, had it been so, the

density of those layers would be more than douhle

that of water. But Sir Wyville has found that the

specific gravity of the layers thn inches thick i

much lower than of those a foot in thick n ^>, which

proves, as he has pointed out, that compression c.

account for their thinness; hut it does not, as we shall

presently see, necessarily prove
" that a. portion of the

substance of these lower lay* rs mu t have

removed."

Assuming that the lower layers wore all originally
of the same thickness as the uj n> \. 1 1

been shown in Chapter V. : radual diminution

in thickness of the layers from the toj> downwards
follows imli-p.-ndently alto^.-th. or of

th- P-mova! , -rtion of th- MI), tancc of the

kbei hy m-ltin_r or hy any .th- r means.

Ice -om a Centre <tme8

ner, because (lie space over v is spread
"Anta,, tic Regions," r
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becomes greater. There is this peculiarity in conti-

nental ice, that there is a centre of dispersion from
which the ice radiates in all directions. This is

particularly true in reference to the Antarctic ice-cap.
It does not necessarily follow that the centre of

dispersion is the centre of the sheet. In the case of

the Antarctic sheet the centre of dispersion cannot,

however, be far from the Pole, and the Pole in all

probability is not far from the centre of the sheet.

We may therefore, in our inquiry, safely assume the

Pole to be the centre of dispersion. It is obvious that,

if the Antarctic ice be radiating in all directions from

the Pole as a centre, a portion of a layer which in, say,

latitude 85, as was shown in Chapter V., covers 1

square foot of surface will, on reaching latitude 80,
cover 2 square feet. At latitude 70 it will occupy 4

square feet, and at latitude 60 the space covered will

be 6 square feet. Then if the layer was 1 foot thick

at latitude 85, it would be only 6 inches thick at

latitude 80, 3 inches thick at latitude 70, and 2

inches at latitude 60. Had the square foot of ice

come from latitude 89, it would occupy 30 square feet

by the time it reached latitude 60, and its thickness

would be reduced to l-30th of a foot, or 2-5ths of an

inch.

Now, the lower the layer the older it is, and the

greater the distance which it has travelled. A layer
near the bottom may have been travelling from the

Pole for the past 10,000 or 15,000 years, whereas a

layer near the top may perhaps not be twenty years

old, and may not have travelled the distance of a mile.

The ice at the bottom of a berg may have come from

near the Pole, whereas the ice at the top may not

have travelled 100 yards. It follows therefore that,

other things being equal, the lower a layer is the
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thinner it .should le, and that -utli-

alroady been stated, to account ir tin-

decrease in the thickness of the layers from the top
<1" \\H\V.M 1 without assuming any of the ice to have

been removed by melting or by any other means.

Continental Ice radiating from a Centre of Dis-

persion must be Thickest at the Centre, and gradually
Diminish in TJiickness towards tlie Circumference.
\\ li.it. \.r throry we may adopt as to the cause of tin*

motion of ice, it will follow as a necessary consequence
that the sheet must be thickest at the centr-

thinnest at its edge. In a continental sin -ft lik>

covering the Antarctic regions, we arc not w
as has ahv.idy been noticed, in assuming that tli

face of the ground un heet slopes persist, ntly

outwards from the centre or Pole to the edge; in

words, wo cannot infer that the Antarctic itv, lil.

<>r Unary glacier, rests on an inclined plane.

Now, if we adopt the generally accepted tli

that gravity is the force imp* -llin^ the ice forward,
we must assume th- .she-t to !< thicket at t

for unless it were so, gravity could have im t'-nd.-ney

to produce motion, because tli- fmv.- \\ 1 I tin

ice must not only act horizontally, tut n< t m
'i in nnoth.-r ; and tlii i n.t

do were the ice of uniform thickness. Were the

is uniform thickness, the forces actinir on it

! l-alance eacli otln-r. and no motion could n-Niilt.

If tl is to be f< -izontally alon

flat surface by its own we'fjlt, tlx n tlin. mu-t be a

piling up of tlu- ic.- in tin- interior. If tli-
I

fniu tin- :!M-JI tin- :

there; 1-nt in
.-t, of coiir^-, mu^t

be thick

Sn; .aid U- asserted that it i- not the
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pressure of the particle a that moves the particle b in

front of it, and the pressure of the particle 6 that moves

the particle c, and so on, but that each particle moves

by its own weight, we are nevertheless led to the same

conclusion. The weight of the particle (the force of

gravity) will not move the particle unless the particle

is allowed to descend. If a particle moves by its own

weight from the centre of the sheet to the circumfer-

ence, it must descend: it must pass from a higher to a

lower level. It must move down an inclined plane
from the centre to the circumference, but to allow it to

do so the sheet must be thickest at the centre.""

If, on the other hand, we adopt the " Molecular"

theory, or the "Dilatation" theory of the motion of the

ice, or any other theory whatever which attributes the

motion of the ice not to gravity, but to some expansive
force acting in the interior of the mass, we are equally
led to the same conclusion as to the greater thickness

of the sheet at the centre. Although such a force will,

of course, tend to push the ice as powerfully inwards

in the direction of the Pole, or centre, as outwards in

the direction of the circumference, yet the motion of

the ice will always take place in the latter direction,

and never in the former, for the latter will always be

the direction of least resistance. The tendency of such

a force is to produce an outward motion of the ice on

* That the entire mass of the Antarctic ice down to the bottom is

in a state of motion, and not simply the upper layers, as some

suppose, is demonstrable from the fact that icebergs are stratified

down to their base. The iceberg is simply a piece broken off the

edge of the sheet, and the stratified face of the berg is the counter-

part of the edge from which it broke off; and as the icebergs are

known to be stratified to their base, it proves that the sheet from
which they were derived is likewise stratified to the bottom. The

fact, therefore, that stratified icebergs arc continually breaking off

the Antarctic sheet, and have been for ages, proves that the sheet

down to its bottom must have been in a state of outward motion.
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the outer side, but to hold back or prevent such a

motion taking place in tin- ic- MM tin- inner or pol
>il-. As Mich an expansive force is assumed to act in

portion of the mass, it follows that the nearer the

out -Me of the sheet the more rapMly will the ice

move, and consequently the thinner will the sheet

become.

The Greater Thickness of the Sliect at the Pole inde-

pendent of the amount of Snowfall at that place. It

has been proved that unless the Antarctic ice v i

thickest at the Pole anl thinn. ->t at the edge, motion
could not take place. It follows, therefore, that how-

much the snowfall at the edge and other places

may exceed that at the Pole, or centre of dispersion,
the ice must always be thickest at the centre. For
however small may be the snowfall, an<l consequent
amount of ice formed annually at the Pole, snow nn<l

ice must of necessity continue to acruinulat.- year hy

year till the sheet becomes thickest tln-iv. The ice at

the Pole could not move out of its position till this

til-- case. Supposing th-iv \\viv no MIOW what-
<-\T falling at the Pole, and n.. in- l-.-ing f..n

still the sheet would be thk-krr then* than at the edge,
in this case the ie- forming at some distance frm
i'1e all around would flow hack, as has ah-'

been shown in Chapter V., towards the c- 1 con-

tinm- to accumulate th< iv till the resistance to th<>

inward flow became greater than the resistance to the

outwar-1 ; hut this state would not be ivach.-.l till the

ice became thickest on tin- pnl. -\\-ar.l

\V.' 1 .:'. - HO ! . M fa
>

jiiantity of >no\v falling a t tlu- I' not great.
"One thing we know,' >ays Sir \Vy\ilK- Thomson,
"that tion thnai^h.)Ut th-' Antarctic area

is very great, un-I that it is always in tlu- i'orin of
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snow." Lieut. Wilkes, of the American Exploring

Expedition, estimated the snowfall to be 30 feet per

annum, and Sir James Ross says that during a whole

month they had only three days free from snow. The

very fact that perpetual snow is found at the sea-level

at lat. 64 S. proves that the amount of precipitation in

the form of snow in those regions must be great.

But there is one circumstance which must tend to

make the snowfall near the Pole great, and that is the

inflow of moist winds in all directions towards it; and

as the area on which these currents deposit their snow
becomes less and less as the Pole is reached, this must

to a corresponding extent, as was shown in Chapter V.,

increase the quantity of snow falling on a given area.

Rate of Motion of the Antarctic Ice. If we knew
the rate at which the edge of the Antarctic ice-cap is

advancing outwards, we could form a rough estimate

of the amount of snowfall on the continent. Or,

conversely, knowing the amount of snowfall, we could

tell approximately the rate at which the ice is moving
outwards.

Dr. Rink calculates that the yearly precipitation on

Greenland in the form of snow and rain amounts to

about 12 inches. About 2 inches he considers is carried

off by ice into the sea, and the remaining 10 inches is

carried to the sea in the form of sub-glacial rivers.

He believes that the quantity disposed of by evapora-
tion is trifling.

The amount of precipitation on the Antarctic con-

tinent is probably much greater than on Greenland.

On the Antarctic continent it is all in the form of

snow or hoar-frost, whereas in Greenland a consider-

able portion of it in summer at least is in the form

of rain. For reasons already stated the proportionate
amount carried off the Antarctic continent in the form



238 DISCUSSIONS IN CLIMATOLOG Y.

of water to that of ice must bo much less than on

Greenland. The quantity of ice melted in the

regions from all causes, we have seen, cannot be
._

and of that quantity the greater part must be re-

solidified long before it can reach the sea. I

hardly think that it will be regarded as an <

estimate to affirm that at least one-half the precipita-

tion must reach the sea in the form of ice. Assuming
the annual precipitation to be no greater than tl

Greenland, vi/., 1 foot per annum, the quantity cm
otT in the form of ice would in this case be 6 inches.

At what rate, then, would the edge of the cap n-e pi in-

to be advancing outwards in order to discharge this

G inches of ice? If we assume the cap to extend on

on average down to latitude 70*, its area will be about

5,940,000 square miles, or 165,611,000,000,000 wpian-

feet A layer 6 inches thick covn-ir n-u wnuM
contain 82,805,500,000,000 cubic feet of ice. The

circumference of the cap is 45,300,000 feet, anl its

thickness at the edge is assunn <1, of cour--. to be 1400

Were the ice, therefore, to move outwards

at the rate of 1300 feet per annum, and in '

ii]> into bergs as it advanced, the quantity <

discharged annually in the form of icebergs would be

82,446,000,000,000 cubic fret, an amount -.

l
iml to the

layer of ice 6 inches in thickness C'\-rini: the area.

Consequently, if ti inch.-, of io- be carried annually off

the Antarctic con tin. nt, the edge of the cap nm

moving outwards at the rate of about a quarter of a

milr annually. Even supposing t re only 2

inrhes of ice di-< rate of motion would

require to be between 400 and 500 annum.

a mil.- |M-r annum cannot 1 >e regarded as

an improbable rate of motion fr omtim-ntal

we rutltct tha- nland ice h;us in some places a
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velocity ten times greater. Mr. Amund Helland, for

example, found that the glacier of Jacobshaven has a

velocity of about 20 metres per diem, which is up-
wards of 4 miles annually. The exceptional high

velocity of the Greenland glaciers is no doubt owing
to the fact that the ice-sheet covering that continent

has to force its way through comparatively narrow

outlets. If the sheet moved off the land in one un-

broken mass, like the Antarctic sheet, its rate of

motion would be much less.

It is the immense extent of the Antarctic continent

which demands such a high velocity to get rid of the

ice. To enable it to discharge the annual amount of

ice, either the sheet must be excessively thick or its

rate of motion excessively great. If, for example, the

ice were only 700 feet instead of 1400 feet thick, its

motion would require to be half a mile annually in

order that the 6 inches of ice should be got rid of
;

while, if it were only 100 feet in thickness the rate of

motion would need to be 3 miles per annum.
It is this difficulty in getting away which is the

chief cause of the enormous accumulation of ice on the

Antarctic continent. And it is just this great thick-

ness in the interior that enables the sheet to get rid of

its superabundant ice. This is effected in two ways:
1st. The greater the thickness of the ice in the interior,

the greater is the force by which it is impelled out-

wards, and, other things being equal, the greater is the

velocity of the ice. 2nd. The thicker the sheet becomes,
the greater is the quantity discharged corresponding
to a given velocity. The velocity being the same, the

quantity discharged is in proportion to the thickness

of the sheet.

With the present rate of snowfall on the Antarctic

continent it is physically impossible that the ice can
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be otherwise than of great thick n- -. \\Yre not the

sheet enormously thick the quantity of ice annually

discharged would not equal that being formed, and

consequently the ice would of necessity i:

thickness year by year, till the rate of discharge
became equal to that of growth. We have just seen

that it would require a thickness of not less than 1400

it the very edge of the cap to make the two :

equal, even although the ice was moving outwards with

n velocity of a quarter of a mile per annum, a rate of

motion greater than that of an Alpine gl Ion
1,'T hand, to produce such a rate of motion as

this, a thickness in the interior enormously greater
than 1400 feet is required. If, from an iiicn-.-isr in the

Miowfall, or from a decrease in the quantity <>f MH>\\

and ice melted, or from both combine.!, the annual

amount of ice requiring to be discharged were doiil>l d,

the velocity remaining the same, the thickness of the

sheet wouM ultimately become doubled also. Or, if the

thiekness of the sheet remained the same the velocity
would be doubled. The actual result in such a case,

howe\ M be that a restoration of equilibrium
between supply and discharge would take place, by an

increase both of thickness and veloci t

of a mile per annum of velocity \v>u 1.1 only !. sutiici.-nl

to discharge one-half the amount of ic ),< ing formed,
the sheet would incivose in thick i. r by year.
But this increase in thickness would produce an
increase of velocity, and the increase both in thickness

and v.-locityof motion would continu> till the quantity
a discharged would I..- .-qual to th- \*l ii

.'.hole area, instead of tin- <; inches as 1"

iHbnam being now atlabttd ;rth-r increase

Ci plan- eith.-r in the thickne^ of tin-

or in th.- v.-l.K-ity .f it I
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the amount of ice being formed on the Antarctic con-

tinent were to become less than at present, both the

thickness of the sheet and the velocity of its motion

would become less.

The following conclusions have now been estab-

lished :

1. The Antarctic ice-sheet must be thickest at the

centre of dispersion and thinnest at the edge.

2. The rate of motion of the ice must be least at the

centre of dispersion and greatest at the edge.

3. The mean thickness of the edge of the sheet, other

things being equal, must be proportional to the

area of the sheet, and inversely as the rate at

which the edge is moving outwards.

4. The area of the sheet, the thickness of its edge,
the velocity of its motion outwards, the amount
of snowfall, and the temperature of the regions
are so related to one another that the value of

any one of them can be determined approxi-

mately in terms of the others.

The Probable Thickness of the Ice at the Pole. The

point which now remains to be determined is, What is

the thickness of the ice at the Pole, or centre of dis-

persion ? The thickness of the sheet at the edge is

admitted to be about 1400 feet, and this, as has been

demonstrated, must be the thinnest part of the sheet.

It must gradually thicken inwards towards the Pole as

centre of dispersion, where the thickness reaches a

maximum. How much thicker, then, must the sheet

be at the centre than it is at the circumference ? The

question to be determined, stated in another form, is,

What is the thickness of ice at the Pole required in

order to impel the cap outwards in all directions at

the rate of a quarter of a mile per annum, or even

half that rate per annum ? The upper surface of the
22
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sheet must slope upwards towards the centre or pole.

What is the amount of this slope?
The Antarctic continent is iT'-m-rally In-li, %-<-, 1 to

extend on an average from the South Pole down to

about lat. 70* or so. In round numbers we may take

the diameter of the continent at 2800 mil.-. 'I h.

distance from the edge of the ice-cap to it- c.-ntr

Pole, will therefore be 1400 miles. A slope of 1 degree,
continued for 1400 miles, will give "24 miles as the

thickness of the ice at the Pole. But would a slope of

1 degree be sufficient to produce the n-|uiivil amount

of motion ? If the generally accepted theory of the

cause of glacier motion be correct, "Ay would

not But supposing we assume that one-half or

one-quarter that amount of slope would sullic. ,
still

we have 6 miles as the thickness of the cap at the

Pole.

To those who have not been accustomed to reflect

on the physical conditions of this problem, this

-Miniate may doubtless be regarded as somewhat

extravagant; but a slight con>M -ration will show
that it would be even more extravagant to as>um<

that a slope of less r If a degree would IKS

sufficient to produce the necessary outflow of tl i

In estimating the thickness of a sheet of contin.nt.il

ice of one or two thousand miles across, our imagina-
is apt to deceive us. We can easily form a

j.r. tty

accurate sensuous representation of the thickness of

the sheet, but we can picture to ourselves no axle

representation of its su]>< rticial area. We can realise

\\ith tol, rable acci; : Sickness of A fe\v miles, l.ut

we cannot do this in reference to a suj -i -lie -ial

2800 miles across. Consequently, in ju-lurin^ what

proportion th.- thickness of tin- sln-.-t should bear to

Mciul area, we are apt to fall into the error of
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under-estimating the thickness. We have

a striking example of this in regard to

the ocean. That which impresses us most

forcibly in regard to the ocean is its pro-
found depth. A mean depth of, say, 3

miles produces a striking impression; but

g
if we could represent to the mind the vast

s area of the ocean as correctly as we can do

its depth, shallowness rather than depth

5- would be the impression produced. A sheet

of water 100 yards in diameter, and only
1 inch deep, would not be called a deep

~ but a very shallow pool or thin layer of

| water. But such a layer would be a correct

s representation of the ocean in miniature.

I Were we, in like manner, to represent to

I the eye in miniature the Antarctic ice-cap,
^ even as 12 miles in thickness at the Pole,

w. we should call it a thin crust of ice. The

| mean thickness of the sheet would be about

g
4 miles, and this would be represented by

7 1 a carpet covering the floor of an ordinary-

|^ sized dining-room. Were those who con-

s'^ sider the above estimate of the Antarctic

f ice-cap as extravagantly great called upon

I 1 to sketch on paper a section of what they
I ,

should deem a cap of moderate thickness,

I*!* ninety-nine out of a hundred would draw

g>|
one of much greater thickness than 12 miles

3% at the centre.

The accompanying diagram represents a

section across the cap drawn to a natural

scale, the upper surface of the sheet having
a slope of half a degree. No one looking
at the section would pronounce it to be
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too thick at the centre unless he were
\

made aware that it represented a thickn--> t \'2 mil. ^

it place. The section, of course, is not im

to represent the actual thickness of the sheet, \>ut to

show how liable we are to over-estimate a thickness

proportionate to an area so immense. It may hnv !,

mentioned that had the section been drawn uj...n .-i

much larger scale had it, for instance, been inu<l<-

stead of 7 inches it wmiM have shown

to the eye in a more striking manner the thinness of

the cap.

At the close of the reading of Prof. James i

paper
" On the Glacial Phenomena of the Lon 1

before the Geological Society, in Ma
the Duke of Argyll stated that lie doubted wl

ice could move on a slope of 1 in 211. But a slope

so small as 1 in 211 would give a thickness of

miles at the Pole. Consequently, \\v have no alterna-

ti\> lut to admit that a slope of 1 in iM 1 is Mill'

or the cap must be over seven mil. -^ thick at tin- I

1

. !-.

Prof. J. Oeikie writes me as follows :-" I hare given the height
of the gUciation in the North-west Highlands as 3000 feet or there-

about, which taken in connection with the glacial phenomena of tl.<<

Outer Hebrides, implies a slope for the surface of the ice-sh.

in -J 1 1 , or about 25 feet in the mile. It wever,
that a more detailed examination of the mainland* may compel us to

admitastill greater thickness for the ice-abeet of the North-west-
the surface of which may hare reached to a height of STiOO feet in

Ross -shire. This would yield a slope of 35 instead of 25 feet in tho

mile. After my paper had gone to proa I received, through the

kindness of Mr. George H. Cook, State Geologist of New Jersey, a

copy of his Annual Report f i, the slope of the ice-

sheet that flowed into th< north* -i u JM, t <>f tliat State is estimated at

34 feet in the mile. Prof. Dana, y..u will n-im-mlx r, coim-s ! tin-

conclusion that the surface of the ice-sheet attained a height r.]-.n

tfce Canadian water-abed of 12,000 feet, on the snppo.it

ioe sloped southwards at the rate of 10 feet in if the slope
were greater, the Canadian ice, of course, must have bee*i t)

The inclination d in the area of the North Sea I

i at about 12 or
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Professor Nordenskjold, as we have seen, found that

the upper surface of the icy plain of Greenland has

an elevation of 7000 feet, 280 miles from the coast.

If the Antarctic ice -sheet has an equal slope, this

would give 35,000 feet as the thickness of the ice at

the Pole.

But to avoid all objections on the score of over-

estimating the thickness of the cap, let us assume that

a slope of an eighth of a degree, or less than one-half

that of the Greenland sheet, would be sufficient to

produce the necessary motion; the thickness of the

sheet would of course be one-fourth that represented
in the diagram, but still it would be three miles thick

at the Pole I

There is another cause which tends to mislead us

in forming an estimate of the actual thickness of the

Antarctic ice. It is not in consequence of any a, priori
reason that can be urged against the probability of

such a thickness of ice, but rather because it so far

transcends our previous experience that we are so

reluctant to admit such an estimate. If we never

had any experience of ice thicker than what is found

in England, we should feel startled on learning for

the first time that, in the valleys of Switzerland, the

ice lay from 200 to 300 feet in depth. Again, if we
had never heard of glaciers thicker than those of

Switzerland, we could hardly credit the statement

that, in Greenland, they are actually from 2000 to

3000 feet thick. We in this country have long been

familiar with Greenland; but till very lately no one

ever entertained the idea that that continent was

buried under one continuous mass of ice, with scarcely

a mountain top rising above the icy mantle. And
had it not been that the geological phenomena of the

Glacial Epoch have for so many years accustomed our
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minds to Mich an extraordinary condition of t
;

J>r. Rink's description of the Greenland ic- would

probably have been regarded as tli

picture of a wild imaginn
The Ice of the Glacial Epoch. The same general

principles which we have been considering hold

equally true in reference to the ice of the Glacial

Epoch. Misapprehensions regarding the magnitude
.tineiital i< lie at the very root of the opposition

with which the Land-ice Theory of the chi

mena of the Glacial Epoch has had to contend. One
of the main objections urged agaii r\ i>

the magnitude of the ice-sheet which it den.

For example, to explain the glacial phenomena 1>\ the

theory of land ice, we are compelled to infer that the

whole of Scotland, Scandinavia, and the gr-

orth-western Europe, were not only covered with

ice, but covered to a depth of one thousand

But not only are the mainlands glaciated, hut

tli.- inlands of the Baltic, the Orkn- ^h.-tland-.

and the Hebrides, bear equal evidmtv of ice having

passed nv. r th.-ni. To exj-lain this l.y tlie tl

we have furth.-r to assume that the ice-sheet which

covered the land mu>t have tilled the 1',

German Ocean, and the surrounding seas; in

that all these regions were buried unden
continuous mass of ice.

To one with inadequate < iture

-uch a c-.nliti.n of tiling I

cn-dil.le; hnt it' the
j.j-ineij.l.-s we have

been '.n-^ 1-e correct, it follows as a necessary
OOnsc- .eli. the

.jiiaii-

:' fee annn.illy iVnned in Nortli-wevt4.rn K,.

the cjuantity m.-lte.l.
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The thickness of the sheet or sheets covering that

region would depend, as has been shown, upon the

area covered and the rate of snowfall, or, rather, the

rate at which the ice was being formed. The sheet,

as has also been shown, must have been thickest at

the centre or centres of dispersion if there were

more than one and thinnest at the edge. The
extent of area covered by ice on North-western

Europe must have been great; so also must have

been the amount of snowfall.

That such a condition as this, to which we are led

by theoretical considerations, did actually prevail

during the Glacial Epoch is now established by the

facts of observation. Norway we know was the

great centre of dispersion of the ice, and here it has

been found that the sheet attained its greatest thick-

ness. It has been shown by Mr. Amund Helland that

its thickness there was over a mile. Scotland was
also a subordinate centre of dispersion, and we know
that the ice moving off it was sufficient to prevent
that country from being overridden by the great mass
of ice flowing outwards in all directions from the

Scandinavian centre. It was sufficient, but little more;
for the Scandinavian ice, filling the German Ocean and

passing over the Orkney and Shetland Islands, was so

powerful as to bend back the Scottish ice and force it

to turn round after it had entered the German Ocean,
and pass obliquely over the flat lands of Caithness.

It was also sufficient to fill the entire Baltic and to

pass over on Germany, down even to the foot of the

Saxon uplands. All this has now been completely
established by the observations of geologists.



CHAPTER XV.

BEGELATION AS A CAUSE OF GLACIER MOT I

Why the Problem of Glacier Motion is so difficult-Heat in Rela-

tion to Glacier Motion.-Regelation as a Cause of Motion.-
Theories of the Cause of Regelation. How Regelation pro-
duces Motion. Heat transformed into Glacier Motion.

Tin: conditions which make tin
<jii.

>ti-.n of tin- cause

of the descent of glaciers so perj.h-xini; IMsJM to be

thU : The ice of a glacier is not in a soft and plastic

state, but is solid, hard, brittle, and iinyi. -Lliiu 1

nevertheless behaves in some respects in n mamn r \ . rv

lik- what a soft and plastic substance would do it'

placed in similar circumstances, inasmuch as it

accommodates itself to all tin- inr<jualiti-s <>f lip-

channel in which it moves. Th-- io- of th- i^laci- r,

though hard and solid, moves with a d

motion; the
]

of th- io- an- di-j.:

each other, or, in oil shears as it

descends. It Imd 1- luK<l that the in. r.-

weight of i to shear tl

Canon Moseley K< -v. ral years ago in. this
' and .showed th.

a glacier to shear in the way that it is supposed to do,

aid iv.jiii;
' -riot iines greater than

the weight of th.- -lacirr. C'on.sr.ju.-ntly, f.r i

to descend, a force in addition : ^r^\ it.uion is

!red. What, tln-n, i^ thi> force? It .that

f Memoir read before the Royal Society, Jan. 7, 1860.
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the rate at which the glacier descends depends upon
the amount of heat which it is receiving. This shows

that the motion of the glacier is in some way or other

dependent upon heat. But in what respect can heat

be regarded as a cause of motion ? Heat cannot be

directly a cause of motion. Neither can heat produce
motion or displacement of the particles by making the

ice soft and plastic ;
for we know that the ice of a

glacier is not soft and plastic, but hard and brittle.

Its proper function will be seen when considering the

bearing of Regelation on glacier motion.

Whether or not regelation can be regarded as a

cause of glacier motion will depend on the view which
we may adopt as to the physical cause of regelation
itself. There are three theories which have been

advanced to explain regelation.

According to Professor James Thomson's theory,

pressure is the cause of regelation. Pressure applied
to ice tends to lower the melting-point, and thus to

produce liquefaction, but the water which results is

colder than the ice, and refreezes the moment it is

relieved from pressure. When two pieces of ice are

pressed together, a melting takes place at the points
in contact, resulting from the lowering of the melting-

point; the water formed, re-freezing, joins the two

pieces together.
The objection which has been urged against this

theory is that regelation will take place under circum-

stances where it is difficult to conceive how pressure
can be regarded as the cause. Two pieces of ice, for

example, suspended by silken threads in an atmo-

sphere above the melting-point, if but simply allowed

to touch each other, will freeze together. Professor J.

Thomson, however, attributes the freezing to the pres-

sure resulting from the capillary attraction of the two
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surfaces in contact But whm %\r n- fleet that

the pressure of a mile of ice 133 tons on

the square foot to lower the lurking-point on- -1

it must be obvious that the lowering effect resulting

from capillary attraction in the case under considera-

tion must be intinitrsinml in-Iced.

The following clear and concise account of Farad u -'s

theory, I quote from Professor Tyndall's
" Forms of

Water:"

"Faraday concluded that in the interior of any

body, whether solid or li-jui'l, \vhrrr, ( v.-ry ]

grasped, so to speak, by the surround in

grasps tin-in in turn, tin* l>n<l <>i .

as to require a higher temperature to change the state

of aggregation than is necessary <>t the surface. At
the surface of a piece of ice, for example, : ul< s

are free on one side from the control of otlu r m<>l.

and they, therefore, yield to heat more readily than in

tin interior. The bubble of air IT ^t- am In overheated

water also frees the molecules on one.si.lr-. Inner thr

e 1 >ullition consequent upon its introduction. Practically

speaking thru, the point of liquefaction of the in

ice is higher than that of the superlieia!
" \Vhni the surfaces of i of ice, covered

with a film of the water of liquefaction, an- l-mn^ht

togethrr, tlir covering film i> tran^f, rn-d fnun tlir

ce to the centre of the i, thr ]M.'mt t

lii|Urfaetinn, a.> )>rfore shown, i^ hi^ln-r thnn at the

surface. The special soli.lifying power of ier up<.n

water is now brought inU) |>lay DH / the

. Under these circumstances, Farad. iy la 1 :

the film w.uM congeal, and freeze the t\\.* -urfaces

" The FOITM of Water, i
!
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The following is the theory which was advanced in
' Climate and Time '

to account for regelation :

The freezing-point of water and the melting-point of

ice, as Professor Tyndall remarks, touch each other, as

it were, at this temperature 32 F. At a hair's-breadth

lower water freezes; at a hair's-breadth higher ice melts.

Now, if we wish, for example, to freeze water already

just about the freezing-point, or to melt a piece of ice

just about the melting-point, we can do this either by
a change of temperature or by a change of the melting

point. But it will be always much easier to effect this

by the former than by the latter means. Take the

case already referred to, of the two pieces of ice sus-

pended in an atmosphere above the melting-point.
The pieces at their surfaces are in a melting condition,

and are surrounded by a thin film of water just an

infinitesimal degree above the freezing-point. The
film has on the one side solid ice at the freezing-point,

and on the other a warm atmosphere considerably
above the freezing-point. The tendency of the ice is

to lower the temperature of the film, while that of the

air is to raise its temperature. When the two pieces

are brought into contact the two films unite and form

one film separating the two pieces of ice. This film is

not like the former in contact with ice on the one side

and warm air on the other. It is surrounded on both

sides by solid ice. The tendency of the ice, of course,

is to lower the film to the same temperature as the ice

itself, and thus to produce solidification. It is evident

that the film must either melt the ice or the ice must

freeze the film, if the two are to assume the same

temperature. But the power of the ice to produce

solidification, owing to its greater mass, is enormously

greater than the power of the film to produce fluidity,

consequently regelation is the result.
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Let us now consider the bearing which the i

principles have on glacier motion. Heat can pass
bit rough a mass of ice, either by radiation or by the

process of conduction, without visibly d. tr..\
in.,' the

solidity of the ice. This has been proved experi-

mentally by Professor Tyndall.* Although the general

solidity of the ice of a glacier is not sensibly affected

by the passage of the heat, nevertheless a process of

melting may be incessantly going on in the interior of

t)i*- ice; and as the effects of MI* king would doubtless

be counterbalanced by the opposite process of regela-

tion, the general solidity of the iee would thus be

maintained. That the passage of heat through ice will

melt particles in the interior is no mere hypothesis, but

a fact which has been established both by observation

and by experiment. Owing to the priiicij.!.- of regela-
tion a particle melted in th interior would, in all pro-

it y. in nine cases out of ten, re-solidify. 1.

now consider what would probably be the behaviour

of the melted particle under such conditions, and tin?

bearing which its solidification would Imve <>n glacier

motion.

Ice is evidently not absolutely sol id 1 1 r It

id composed of crystalline particles, whirh, though in

contact with one another, arc, h<>\ >b packed

together so as to occupy the least possible space, and,

oven though they \ ;i< l.s would not fit so

closely together as to exclude inter>tii-.-s. T!

line particles .- unit.-d to DM inotl

special p intd hy their polarity, and mi

they require more space: and this in all

probability is the reason why ice, volume for volunie,

is less dense than wat<

illine par L will not n; 'id to

Sen "Heat M a Mode of Motion," Appendix t*> ( I > I \
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descend by its weight into any space which it may
find, but capillary attraction will cause it to flow into

interstices between adjoining crystalline particles; but

owing to the principles of regelation, already discussed,

the thin film of water would instantly become re-

solidified. It would not, however, solidify so as to fit

the cavity which it occupied when in the fluid state

for the liquid particle in solidifying assumes the crys-

talline form, and of course there will be a definite

proportion between the length, breadth, and thickness

of the crystal ; consequently it will always happen that

the interstice in which it solidifies will be too narrow

to contain it. The result will be that the fluid particle

in passing into the crystalline form, will press the two

adjoining particles aside in order to make sufficient

room for itself between them, and this it will do, no

matter what amount of space it may possess in all

other directions. The crystal will not form to suit the

cavity, the cavity must be made to contain the crystal.

And what holds true of one particle, holds true of

every particle which melts and re-solidifies. This

process is no doubt going on incessantly in every part
of the glacier, and in proportion to the amount of heat

which the glacier is receiving. This internal pressure,

resulting from the solidifying of the fluid particles in

the interstices of the ice, acts on the mass of the ice

as an expansive force, tending to cause the glacier to

widen out laterally in all directions.

Conceive a mass of ice lying on a flat horizontal

surface, and receiving heat on its upper surface, say
from the sun; as the heat passes downwards through
the mass, particles of the ice melt and re-solidify.

Each fluid particle solidifies in an interstice, which has

to be widened in order to contain it. The pressure

thus exerted by the continual re-solidifying of the
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particles will cause the mass to widen out laterally, and

of course as the mass widens out it will prow thinn. T

and thinner if it does not i <-sh acquisition on

its surface. In the case of a glacier 1\ in ur in a vail, y,

motion, however, will only take place in <>M<- direction,

The sides of the valley prevent the glacier from wid< -n-

ing; and as gravitation opposes the motion of the ice

up, and favours its motion down the valley, the path of

least resistance to the pressure produced by regelation
will always be down the slope, and consequently in

this direction displacement will take place. Molecular

pressure will therefore produce motion in the same
direction as that of gravity. In oth r words, it will

tend to cause the glacier to descend the vail

The lateral expansion of the ice from internal

pressure explains in a clear and satisfactory manner

how rock-basins may be excavated by means of land-

: '-moves the difficulties which have been

felt in accounting for the ascent of ice up a steep slope.

The main difficulty besetting the theory of the ex

tion of rock-basins by ice is to explain how the ire

after entering the basin manages to get out again
how the ice at the bottom is made to ascend t !

sides of the basin, Pressur* 1 >< h i nd .

been argued by some, will simply cause the ice lyin^

above the level of the basin to move forward ov-r tin-

surface of the mass tilling it. ThU conclusion is, ho\v-

incorrect The ice filling the l.u-5n and the

r overlying it an- united in one solid mass, so

that th- ! n. .t move over the former without

and although the resistance to motion or

1-y th<- sloping -ides of the
'

much ^i

than th resistance to sh.-ar. still tin- ice will In- slowly

dragged out of th.- l.a.-in. However, in on I. r to ol

ol.j.-ction to which I n-f-r. the advocates of tin
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glacial origin of lake-basins point out that the length
of those basins in proportion to their depth is so great
that the slope up which the ice has to pass is in reality

but small. This, no doubt, is true of lake-basins in

general, but it does not hold universally true. But the

theory here advocated does not demand that an ice-

formed lake-basin cannot have steep sides. We have

incontestible evidence that ice will pass up a steep

slope; and, if ice can pass up a steep slope, it can exca-

vate a basin with a steep slope. That ice will ascend

a steep slope is proved by the fact that comparatively

deep and narrow river-valleys, such as that of the Tay
in some places,* are found often striated across. Hills,

also, which stood directly in the path of the ice of the

Glacial Epoch are sometimes found striated upwards
from their base to their summit.

From what has been already stated in reference to

the re-solidifying of the particles in the interstices of

the ice, the application of the theory to the explanation
of the effects under consideration will no doubt be

apparent. Take the case of the passage of the ice-

sheet across a river-valley. As the upper surface of

the ice-sheet is constantly receiving heat from the sun

and the air in contact with it, there is consequently a

transference of heat from above downwards to the

bottom of the sheet. This transference of heat is

accompanied by the melting and re-solidifying of suc-

cessive particles in the manner already detailed. As
the fluid particles tend to flow into adjoining inter-

stices before solidifying and assuming the crystalline

form, the interstices of the ice at the bottom of the

valley are constantly being filled by fluid particles

from above. These particles no sooner enter the inter-

stices than they pass into the crystalline form, and
* See ' Climate and Time,' p. 526.
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become, of separated from their neighbours by
fresh interstices, which new interstices become till. .1

l>y fluid particles which, in turn, crystallize, anew

forming interstices, and so on. The ice at the bottom

of the valley, so long as this process continues, is

constantl\ :_
r additions from above. Th-

must therefore expand laterally to make room fr
these additions, which it must do unless the resist

to lateral expansion be greater than the force ex

by the fluid particles in crystallizing. But a resistance

nt to .1.) this must be enormous. The ice at tip-

bottom of the valley cannot expand Ink-rally without

passing up the sloping sides. In expanding it will

take the path of least resistance, but the path of

resistance will always be on t of the valley

towards which the general mass of the ice above is

ttowiag.
We can from these conditions understand how the

softer portions of the rocky surface over which tin-

ice moved should have been excavated into hollow

basins. We have also an explanation of the transport

of boulders from a lower to a higher level. f,,r if ice

can move from a lower to a higher level, it of *

can carry boulders along with it

Heat Transformed into Glacial Motion. From
what has I.e. n stated regarding the cause of ^

motion, it will now be obvious that a con^d. ral>le

portion of the sun's heat entering the i c >- nn.

^formed into work in the motion of the g\

When a particle of ice i^ m It. .1 ami then iv--< >ijditied,

the amount i.f 1 \ ed during solidification is

equa which had l-.-m expended in melting tin-

The particle in solidifying r\panK. and if.

in expan rm.-d l.y the expanding par-
amount of heat evolved during solidili
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will then fall short of that which had been expended in

melting by an amount which is exactly the equivalent
of the work performed. The equation will be thus:

Heat expended in melting= Heat evolved in

re-freezing -f Work performed.

A portion of the heat expended in melting is thus

transformed into work. Now, if the motion of a

glacier be mainly due to the expansive force exerted

by the melted particles of the ice during their solidifi-

cation, then the original source of this motion must be

the heat received from the sun. Glacial motion must,

therefore, in so far as it is the result of regelation, be

transformed heat, or, in other words, molecular motion

transformed into glacier motion.



CHAPTER XVX

THE TEMPERATURE OF SPACE AND ITS BEARING ON
TERRESTRIAL PHYSICS.

The Importance of Knowing the Temperature of Space, Tho
Researches of PouiUct and Hcrschel in reference to the I

pcrature of Space. A Defect in Dulong's an.l I

Professor Balfonr Stewart on Radiation of Thin Hates.

Radiation of Gases.

I-'i.v. 4ions bearing directly on terrestrial pi

have been so much overlooked as that of th<> t m].. r,t-

tur. of stellar space; that is to say, tin- tnnjn -ramp-

which a thermometer would indicate if placed at the

outer limits of our atmosphere and exposed to no
other influence than that of radiation from the stars.

Were we asked what was probably tin- mid-v.

temperature of our island 11,700 years ago, when tin-

r solstice was in aphelion, we could n<

unless we kn.-v. th<> t-mp-nitun' of space. Again,
without a knowledge of the temperature of sp.i

could not be ascertained how much the temp* r

B North Atlantic and the air ovi-r it Wn iH

by the Gulf Stream. We can determin-- tip ijuautity
of hi-at conveyed into the Atlantic by tin- >tn-au.

compare it with the amm. i \.-.l l,y that area

directly from the sun. 1-ut this alinn- dn-s not enable

US to say how mu< injM-ratin- -d ly tin-

heat f the basin of tin- N

Atlantic n-crives from the (lulf Stream a <jiiantr

hei equal to about one-fourth that received from the
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sun, but unless we know the temperature of space
we cannot say how much this one-fourth raises the

temperature of the Atlantic. Suppose 56 to be the

temperature of that ocean; this is 517 of absolute

temperature which is derived from three sources, viz. :

(1) direct heat from the sun, (2) heat from the Gulf

Stream, and (3) heat from the stars. Now, unless we
know what proportion the heat of the stars bears to

that of the sun, we have no means of knowing how
much of the 517 is due to the stars, and how much to

the sun or to the Gulf Stream.

M. Pouillet, Sir John Herschel, and Professor

Langley are the only physicists who appear to have
devoted attention to the problem. M. Pouillet came
to the conclusion that space has a temperature of
- 142 C. or - 224 F., and Sir John Herschel, following
a different method of inquiry, arrived at nearly the

same result, viz., that its temperature is about - 239 F.

Can space, however, really have so high a tempera-
ture as - 239 ? Absolute zero is - 461. Space in

this case would have an absolute temperature of 222,
and consequently our globe would be nearly as much
indebted to the stars as to the sun for its heat. If so,

space must be enormously more transparent to heat

rays than to light rays. If the heat of the stars be

as feeble as their light, space cannot be much above

absolute zero, and this is the opinion expressed to me
a short time ago by one of the most eminent physicists
of the day. Professor Langley is also of this opinion ;

for he concludes that the amount of heat received

from the sun is to that derived from space as much
as four to one

;
and consequently if our luminary

were extinguished, the temperature of oui earth

would fall to about -360 F.

It must be lorne in mind that Pouillet's Memoir
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was written more than forty yean ago, when tho

data available for elucidating the sul far

more imperfect than now, especially as reganl
in ti nonce of the atmosphere on radiant heat For

example, Pouillet comes to the conclusion that, owing
to the fact of our atmosphere being less di;ith nnanoas

to radiation from the earth than to radiation from tin-

sun and the stars,were the sun extinguished the radia-

tion of the stars would still maintain the surface of our

globe at - 89 C., or about 53* C. above that of space.
The experiments of Tyndall, however, show that tin-

absorbing power of the atmosphere for heat-rays i> lu-

almost exclusively to the small quantity of aqueous

vapour which it contains. It is evil fort-, that

but for the sun there would probably be no aqi:

vapour, and consequently nothing to protect tin

from losing its heat by radiation. Deprivt <! of solar

heat, the surface of the ground would sink to about as

low a temperature as that of stellar space, wha
that temperature may actually be.

But before we are able to answer tin- fon-oini;

questions, and tell, for example, how much a given
increase or decrease in the quantity of sun > h.-at will

raise or lower the temperature, there i- nn<>th< r physifcftl

point to be dot lo amount

tiiity .still rxi-t-. \\V must know in what

way tli*- t- niporature \ -h tin* amount nf

received. In computing, say, the ri n]> raturo

resulting from a great increase in tin- quantity <-t

received, should we assume with N wton that it Ls

proportional to the increase in the quantity of In -at

vod, or should we adopt Dulong's an<l 1

formula ?

In estimating tlie extent to which the teniptT.-i-

of the air would 1 : 1-y a change in i
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distance, I have hitherto adopted the former mode.

This probably makes the change of temperature too

great, while Dulong's and Petit's formula, adopted by
Mr. Hill (" Nature," vol. xx. p. 626), on the other hand,
makes it too small. Dulong's and Petit's formula is an

empirical one, which has been found to agree pretty

closely with observation within ordinary limits, but

we have no reason to assume that it will hold equally
correct when applied to that of space, any more than

we have to infer that it will do so in reference to tem-

perature as high as that of the sun. When applied to

determine the temperature of the sun from his rate of

radiation, it completely breaks down, for it is found to

give only a temperature of 2130 F. ("Amer. Jour.

Science," July, 1870), or not much above that of an

ordinary furnace.

But besides all this it is doubtful if it will hold true

in the case of gases. From the experiments of Prof,

Balfour Stewart (" Trans. Edin. Roy. Soc.", xxii.) on the

radiation of glass plates of various thicknesses, it would

seem to follow that the radiation of a material particle

is probably proportionate to its absolute temperature,

or, in other words, that it obeys Newton's law. Prof.

Balfour Stewart found that the radiation of a thick

plate of glass increases more rapidly than that of a

thin plate as the temperature rises, and that, if we go
on continally diminishing the thickness of the plate

whose radiation at different temperatures we are ascer-

taining, we find that, as it grows thinner and thinner,

the rate at which it radiates its heat as its temperature
rises becomes less and less. In other words, as the

plate grows thinner its rate of radiation becomes more

and more proportionate to its absolute temperature.
And we can hardly resist the conviction that if it were

possible to go on diminishing the thickness of the plate
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till we reached a film so thin as to embrace but only
one particle in its thickness, its rate of radiation would

be proportionate to its temperat \ ords,

ul.l obey Newton's law. Prof. Balfour Stewart ,

explanation is this : As all substances are more diather-

manous for heat of high than of low temperatun-s

when a body is at a low temperature only the exterior

particles supply the radiation, the heat from tin- interior

particles being all stopped by the exterior ones, while

at a high temperature part of the heat front tin- interior

is allowed to pass, thereby swelling the total radiation.

But as the plate becomes thinner ami thinner, tin;

obstructions to interior radiation become less and less,

and as these obstructions are greater for ru'l'mtion at

low than high temperatures, it necearily follows

that, by reducing the thickness of the plate, we assist

radiation at low more than at high temperatures.
If this be the true explanation why the radiation of

bodies deviates from Newton's law, it should follow

that in the case of gases where the particles stand at

a considerable distance from one another, the oUt ruc-

tion to interior radiation must be far less than in a

and consequently that the rate at which a gas
radiates its heat as its temperature rises, must increase

more slowly than that of a solid substance. In

words, in the case of a gas, the rate of radiation must

correspond more nearly to the absolute t- nip- raturc

than in that of a solid; and the less the d.-nMty an<l

volume of a gas, the more nearly will its rate of radia-

tion agree with N -w ton's law. The obstruction to

interior radiation into space must diminish as we
ascend in -pheiv. at the outer limit^ of which,

win TO there is no obstruction, the rate of radiation

should bo pretty nearly proportional to the absolute

temperati; y not this to a certain extent



TEMPERATURE OF SPACE. 263

cause why the temperature of the air diminishes as we
ascend ?

If the foregoing considerations be correct, it ought
to follow that a reduction in the amount of heat

received from the sun, owing to an increase of his

distance, should tend to produce a greater lowering
effect on the temperature of the air than it does on

the temperature of the solid ground. Taking, there-

fore, into consideration the fact that space has probably
a lower temperature than 239, and that the tempe-
rature of our climate is determined by the temperature
of the air, it will follow that the error of assuming
that the decrease of temperature is proportional to the

decrease in the intensity of the sun's heat may not be

great.

In estimating the extent to which the winter tem-

perature is lowered by a great increase in the sun's

distance, there is another circumstance which must
be taken into account. The lowering of the tempera-
ture tends to diminish the amount of aqueous vapour
contained in the air, and this in turn tends to lower

the temperature by allowing the air to throw off its

heat more freely into space.



CHAPTER XVII.

THE PROBABLE ORIGIN AND AGE OF THE SUN'S HEAT.

Age of tke Son's Heat according to the Gravitation Theories.

Testimony of Geology M to the Age of Life on the Globe.

Evidence from " Faults." Rate of Denudation. Age of the

Stratified Rocks as determined by the Rate of Denudation.

Age of the Sun's Heat as > (vitation

Theories. The total annual amount of radiation fn>m

the whole surface of the sun is 8340 x 10* foot-pounds.
To maintain the present rate of radiation it would

require the combustion of about 1500 Ibs. of coal
]><

r

hour on every square foot of the sun's surface

were the sun composed of that material it would all

be consumed in less than 5000 years. The opinion
that V\Q sun's heat is maintained by combu
cannot be entertained for a single moment. Mr.

Lockyer has suggested that the elements of tli

are, owing to its excessive temperature, in

dissociation, and some have supposed that this fact

illicit help to explain the duration of the sun's heat.

t must be obvious that, even supposing we
to make the most extravagant estimate of the die:

affinities of these elements, the amount of h-

from their combination couM at most ^iv us only a

few thousand years additional heat. Under <

ipp.Mitiun, the combustion theory mu>t

be abandoned.

It is now generally held by physicists that the
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snormous store of heat possessed by the sun could

only have been derived from gravitation. For

example, a pound of coal falling into the sun from
an infinite distance would produce by its concussion

more than 6000 times the amount of heat that would
be generated by its combustion. It would, in fact,

amount to upwards of 65,000,000,000 foot-pounds an
amount of energy sufficient to raise 1000 tons to a

height of 5J miles.

There are two forms in which the gravitation theory
has been presented: the first, the meteoric theory,

propounded by Dr. Meyer: and the second, the

contraction theory, advocated by Helmholtz. The
meteoric theory of the sun's heat has now been pretty

generally abandoned for the contraction theory
advanced by Helmholtz. Suppose, with Helmholtz, that

the sun originally existed as a nebulous mass, filling

the entire space presently occupied by the solar

system, and extending into space indefinitely beyond
the outermost planet. The total amount of work in

foot-pounds performed by gravitation in the conden-

sation of this mass to an orb of the sun's present size

can be found by means of the following formula given

by Helmholtz :

3 r'M2

Work of condensation =: ~ . -=D . g .

M is the mass of the sun, m the mass of the earth, R
the sun's radius, and r the earth's radius. Taking

M=4230 x 1027
Ibs., m=ll,920 x 1021

Ibs.

R=2,328,500,000 feet, and r=20,889,272 feet,

we have then, for the total amount of work performed

by gravitation in foot-pounds,
3 (20,889,272'5)

2 x (4230 x 1027
)
2

5* 2,328,500,000 x 11,920 xlO21

=168,790 X 1036

foot-pounds.

24
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The amount of heat thus produced by gravitation
would suffice for 20,237,500 years.
The com-lusions are based upon the assumption that

the density of the sun is uniform throughout. But it

is highly probable that the sun's d-iiMty incn-asrs

towards the centre, in which case the amount of work

performed by gravitation would be something more
than the above.

Testimony of Geology as to the Age of Life
on the Globe.

At this point, in reference to the age of our globe,

geology and physics are generally supposed to come
into direct antagonism. For if it be true, as phy-

< maintain, that gravitation is the only possible

source from which the sun could have deriv.-d IN

store of energy, then the sun could not have main-

tained our globe at its present tempera! ur. for mort
than about 20 millions of years. "On th> v.-ry highest

computation which con be permitted," says Professor

Tait,
"
it cannot have supplied the n at the

present rate, for more than about lift'-.-n or t

million years."* The limit to the age of

heat must have limited the a^r of th- hal.itaM.- ^'lobe.

All the geological history of the globe would neces-

sarily be comprehended within this period. If the

sun d fci heat from the c< I <>n of its mass,
it could not possibly be more than about tw.-nty

million years since the beginning of the Laim-iilian

1. But tw.-nty million years would ) eon-id. -p-d

by most geologists to represent only a comparatively
small ]>ortion of t which inu-4

since orL lx>gan on our globe.

al Science,' r
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It is true that the views which formerly prevailed

amongst geologists, in regard to the almost unlimited

extent of geological time, have of late undergone very
considerable modifications; but there are few geologists,

I presume, who would be willing to admit that the

above period is sufficient to comprehend the entire

history of stratified rocks.

It is the facts of denudation which most forcibly

impress the mind with a sense of immense duration,

and show most convincingly the great antiquity of

the earth.

We know unquestionably that many of the greatest

changes undergone by the earth's crust were produced,
not by convulsions and cataclysms of nature, but by
those ordinary agencies that we see at work every

day around us, such as rain, snow, frost, ice, chemical

action, &c. Valleys have not been produced by violent

dislocations, nor the hills by upheavals, but both have

been carved out of the solid rock by the silent and

gentle agency of chemical action, frost, rain, ice, and

running water. In short, the rocky face of our globe
has been moulded into hill and dale, and ultimately
worn down to the sea-level by means of these apparently

trifling agents, not merely once or twice, but probably
dozens of times over during past ages. Now, when we
reflect that with such extreme slowness do these agents

perform their work that we might, if we could, watch
their operations from year to year, and from century
to century, without being able to perceive that they
make any sensible impression, we are necessitated to

conclude that geological periods must be enormous.

The utter inadequacy of a period of 20 million years
for the age of our earth is demonstrable from the

enormous thickness of rock which is known to have

been removed off certain areas by denudation. I shall
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now briefly refer to a few of the many facts which

might be adduced on this
]>

<lence frorti "Faults." One plain anl nl.vious

method of showing the great extent to which the

;;J surface of the country has been lowered l>y

lurnished, as is well known, by the

in which the inequalities of surface produced by faults

or dislocations have been effaced. It is quite common
to meet with faults where the strata on the one side

have been depressed several hundreds and in some
coses thousands of feet below that on the other, luit

we seldom find any indications of such on tin surface,

the inequalities on the surface having been all removed

by denudation. But in order to effect this a mass of

rock must have been removed equal in thickness to tin'

extent of the dislocation. The following are a i'.-w

examples of large faults :

The great Irwell fault, described by Prof. Hull *

which stretches from the Mersey west of Stockport to

the north of Bolton, has a throw of upward- of 3000

feet

Some remarkable fm o been found 1-y Prof.

Ramsay in North Wales. For exain; \vd.n,

and about a mile E.S.E. of Bedd-. ! U a fault

with a downthrow of 5000 feet; and in the JJerwyn

Hills, between Bryn- n iawr and Post-gwyn, tl

of 6000 f t. In uinge the: ^reat

designated the Bala fault, with a downthrow of

7000 feet Again, between Aran Mowddwy and <

isplacement of the strata to no

less than from 10,000 to 11,000 feet.f Here we have

ft mass of rock, varying fr>in 1 ini

al thickness, must ha '.

Mem. GeoL > 1862.

f Mem. GcoL Surrey of GrcAt Britain, v.,1. iii.
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many places from the surface of the country in North

Wales.

The fault which passes along the east side of the

Pentlands is estimated to have a throw of upwards of

3000 feet.* Along the flank of the Grampians a great

fault runs from the North Sea at Stonehaven to the

estuary of the Clyde, throwing the Old Bed Sandstone

on end sometimes for a distance of 2 miles from the

line of dislocation. The amount of the displacement,

Prof. Geikief concludes, must be in some places not less

than 5000 feet, as indicated by the position of occasional

outlyers of conglomerate on the Highland side of the

fault.

The great fault crossing Scotland from near Dunbar

to the Ayrshire coast, and which separates the Silurians

of the South of Scotland from the Old Red Sandstone

and Carboniferous tracts of the North, has been found,

by Mr. B. N. Peach, of the Geological Survey, J to have

in some places a throw of fully 15,000 feet. This

great dislocation is older than the Carboniferous period,

as is shown by the entire absence of any Old Red
Sandstone on the south side of the fault, and by the

occurrence of the Carboniferous Limestone and Coal-

measures lying directly on the Silurian rocks. We
obtain here some idea of the enormous amount of

denudation which must have taken place during a

comparatively limited geological epoch. So vast a

thickness of Old Red Sandstone could not, as Mr. Peach

remarks,
" have ended originally where the fault now

is, but must have swept southwards over the Lower
Silurian uplands. Yet these thousands of feet of

sandstones, conglomerates, lavas, and tuffs were so

* Memoir to sheet 32, Geol. Survey Map of Scotland.

f "Nature," vol. xiii., p. 390.

J Explanation to Sheet 15, Geol. Survey Map of Scotland.
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completely removed from the south side of th<- fault

j'p'vious to the deposition of the Qubomfw
stone series and the Coal-measures that not a fra^m.-ut

in is anywhere to be seen between these 1

formations and the old Silurian floor." This enorumu^

thickness of nearly 3 miles of Old Red Sandstone imi>t

have been il.-ninled away during the period which

intervened between the deposition of the Lower Old

Red Sandstone and the accumulation of the Carboni-

mestone.

Near Tipperary, in the south of In Inn. 1, i

dislocation of the strata of net m 4000 :

which brings down the coal-measures against the

silurian rocks. Here 1000 feet of Old Red ,^

3000 feet of Carboniferous Limestone, and 800 i

Coal-measures have been remov- 1 \<y .Inm.l.ition oft

the Silurian rocks. Not only has this innn. n^.- thick-

ness of beds been carried away, but tl>*> Silu:

on which they rested has been < at.n down in some

places into do- several hundreds of feet below

the surface on which tin- OM I! rested.

ilts to a similar extent abound on i!..- ('ontin.-nt

and in Aim -rica, but t! been so mil

examiiK-'l a^ in '
. In th- valley of

olon, to the north 01

nt of 9000 ftvt.f

In front of the Chilowee Mountains there is a

al displiiceini-nt of tin- f in-T.

10,000 feet. J PP ill I>. i: .-1 in the

Appalachian <

ton :i 10,000 i -ment

There are oth.-r mo !> than tin- t'.
i

.luk.VH an.l <;.-iku-
" M III.

f ( ieology of Canada, 1863," p. 61.

j Safford'a "Geology of Tennewec,
'

\>.
309.
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of which geologists are enabled to measure the thick-

ness of strata which may have been removed in places
off the present surface of the country, into the details

of which I need not here enter. But I may give a few

examples of the enormous extent to which the country,
in some places, has been found to have been lowered

by denudation.

Prof. Geikie has shown* that the Pentlands must at

one time have been covered with upwards of a mile in

thickness of Carboniferous rocks which have all been

removed by denudation.

In the Bristol coal-fields, between the River Avon
and the Mendips, Prof. Ramsay has shown

(
that about

9000 feet of Carboniferous strata have been removed

by denudation from the present surface.

Between Bendrick rock and Garth Hill, South

Glamorganshire, a mass of Carboniferous and Old

Red Sandstone, of upwards of 9000 feet, has been

removed. At the Vale of Towy, Caermarthenshire,

about 6000 feet of Silurian and 5000 feet of Old Red
Sandstone in all about 11,000 vertical feet have

been swept away. Between Llandovery and Aberaeron

a mass of about 12,000 vertical feet of the Silurian

series has been removed by denudation. Between

Ebwy and the Forest of Dean, a distance of upwards
of 20 miles, a thickness of rock varying from 5000 to

10,000 feet has been abstracted.

Prof. Hull foundj on the northern flanks of the

Pendle Range, Lancashire, the Permian beds resting

on the denuded edges of the Millstone Grit, and these

were again observed resting on the Upper Coal-

measures south of the Wigan coal-field. Now, from

* Mem. to Sheet 32, Geol. Survey of Scotland.

f
" Denudation of South Wales." Memoirs of Geol. Survey, vol. L

J
"
Quart. Journ. Geol. Soc.," vol. xxiv., p. 323.
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the known thickness of the Garb-

part of Lancashire, he was enabled to calcul.u*

approximately the quantity of Carboniferous strata

\vliich must have been carried away between the

period of the Millstone Grit and the deposition of the

Permian beds, and found that it actually amounted to

no less than 9,900 feet He also found in the Vale of

I'litheroe, and at the base of the Pcndle Range, that

the Goal-measures, the whole of the Millstone Crit,

the Yoredale series, and part of the Carboniferous

Limestone, amounting in all to nearly 20,000 feet, had

been swept away an amount of d. -nutation whi.

Prof. Hull remarks, cannot fail to impress us with

some idea of the prodigious lapse of time necessary for

its accomplishment.
In the Nova Scotia coal-fields one or two mil

thickness of strata have been r- m >\ed in some places.
9

It may be observed that, enormous as is the amount
of denudation indicated by the foregoing figures, tin -<

figures do not represent in most cases the actual

thickness of rock removed from the surface. We are

necessitated to conclude that a mass of rock equal to

the thickness stat< 1, hut we
are in most cases left in uncertainty n.s to the total

thickness which has actually been carried away. In

the case of a fault, for example, with n displacement
of (say) one mile, where no indication of it is seen at

the surface of the ground, we know that on on

.f the fault h thickness of rock equal to one mil-

have been d.-nud. d, hut we do not know how much
more than tliat may havr l>een removed. For

anything which w- know to the contrary, hundreds of

feet of rock may have been ivmo\.-d l-fV. tho

dislocation took place, and as many more hundreds

Lycll's "Student's Manual," chap. 23.
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after all indications of dislocation had been effaced at

the surface.

But it must be observed that the total quantity of

rock which has been removed from the present surface

of the land is evidently small in proportion to the total

quantity removed during the past history of our globe.

For those thousands and thousands of feet of rock

which have been denuded were formed out of the

waste of previously existing rocks, just as these had

been formed out of the waste of yet older rock-masses.

In short, as a general rule, the rocks of one epoch have

been formed out of those of preceding periods, and go
themselves to form those of subsequent epochs,

In many of the cases of enormous denudation to

which we have referred, the erosion has been effected

during a limited geological epoch. We have, for

example, seen that upwards of a mile in thickness of

Carboniferous rock has been denuded in the area of

the Pentlands. But the Pentlands themselves, it can

be proved, existed as hills, in much their present form,

before the Carboniferous rocks were laid down over

them
;
and as they are of Lower Old Red Sandstone

age, and have been formed by denudation, they must

consequently have been carved out of the solid rock

between the period of the Old Red Sandstone and the

beginning of the Carboniferous age. This affords us

some conception of the immense lapse of time

represented by the Middle and Upper Old Red
Sandstone periods.

Again, in the case of the great fault separating the

Silurians of the south of Scotland from the Old Red
Sandstone tracts lying to the north, a thickness of the

latter strata of probably more than a mile, as we have

seen, must have been removed from the ground to the

south of the fault before the commencement of the
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Carboniferous period. And again, in the case of the

Lancashire coal-fields, to which reference has been

made, nearly two miles in thickness of strata had been

remove! in the interval which elapsed between tin-

Millstone Grit and the Permian periods.

Rate of Denudation. As we are enabl.-l.

geological evidence, to form some rough estimate of

the extent to which the country in various places has

been lowered by sub-n i Lit inn during a given

epoch, it is evident that we should have a means of

ing at some idea of the length of that epoch, did

we know the probable rate at which the denudation

took place. If we had a means of forming <-vm th-

roughest estimate of the probable average rate of sub-

aerial denudation during past ages, we sh<ml<l !<>

enabled thereby to assign approximately an in:

limit to the age of the stratified rocks. We could thru

tell, at least, win tlu-r the amount of sul>

denudation known to have been effected during

geological ages could have been accomplished within

20 million years or not, and thus is about all with

which we are at present concern i. And if it can be

proved that a period of 20 millions of years is much

too short to account for the amount of d.-nu-;

known to have taken place, then it is c -rtain that the

'.tat ion theory cannot explain the origin and

source of the sun's heat

A very simple and obvious method of d-t running
the present mean rate of sul -a -rial d nudation

pointed out 1'V im> srvmd years ago,* t the

rate of denudation mu-t ) r.jual to tin- rat- at which

the materials are carried oil' tin- land into tho sea.

I'.ut the rate at which t rials are thus attracted

"Phil. Mag.," May, 1868; Feb., 1807. 'Climate and Time,
1
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is measured by the rate at which sediment is carried

down by our rivers. Consequently, in order to deter-

mine the present rate of sub-aerial denudation,we have

only to ascertain the quantity of sediment annually
carried down by the river systems.

Very accurate measurements have been made of

the quantity of sediment carried down into the Gulf

of Mexico by the River Mississippi, and it is found to

amount to 7,474,000,000 cubic feet per annum. The
area drained by the river is 1,224,000 square miles.

Now, 7,474,000,000 cubic feet removed from 1,224,000

square miles of surface is equal to l-4566th of a foot

off the surface per annum, or 1 foot in 4566 years.

The specific gravity of the sediment is taken at 1*9,

and that of the rock at 2'5
; consequently the

amount removed is equal to 1 foot of rock in about

6000 years. For many reasons there are few rivers

better adapted for affording us a fair average of the

rate of sub-aerial denudation than the Mississippi. In

this connection I may here quote the words of Sir

Charles Lyell :

" There seems," he says,
" no danger of

our over-rating the mean rate of waste by selecting the

Mississippi as our example, for that river drains a

country equal to more than half the continent of

Europe, extends through 20 degrees of latitude, and

therefore through regions enjoying a great variety of

climate, and some of its tributaries descend from

mountains of great height. The Mississippi is also

more likely to afford us a fair test of ordinary
denudation, because, unlike the St. Lawrence and its

tributaries, there are no great lakes in which the

fluviatile sediment is thrown down and arrested on its

way to the sea." *

* " Student's Manual of Geology," p. 91 (second edition).
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Rough estimates have been made of the s> <liin< nt

carried down by some eight or ten European ri

and although those estimates cannot be depend !

\\\--\\

as being anything like accurate, still they show that

it is extremely probable that the European cont in. nt

is being denuded at about the same rate as the

American.

I think we may assume, without the risk of any
great error, that the average rate of sub-n

denudation during past geological ages did not diti'.-r

much from the present The rate at whir-h n, country
is lowered by sub-in -rial denudation Is determined (as

has been shown,
' Climate and Ti- >i not so

much by the character of its rocks as 1 -y

ment-carrying power of its riv.r sy>t n^. And
this again depends mainly upon the amount of rain-

fall, the slope of the ground, and the character of the

soil and vegetation covering the surface of the count ry.

And in respect of these we have no reason to belirv,-

that the present is materially diifm nt from tin- past.

No doubt the average rain fall < In ring some past

epochs might have been greater than at present. i<ut

there is just as little reason to dnuU that dn

epochs it might have been less than now. \\V

fore, conclude that about one foot of rock

from the general surface of th<

may be regarded as not

luring past ages.

But some of the cases we nn-

dation ! i'.-r to coinpnr mall areas, and

to beds \vhich f<>nu anticlinal ax^, and which,

v.vll known, d. -nn-i ipidly tl. -linal

or horizontal beds. We shall thrn-fon\ to
]

the p< il.ilit;,
i of tim.-

necessary to effect th<- i mt of d nudati<>n,
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assume the rate to have been double the above, or

equal to one foot in 3000 years.

Age of the Stratified Rocks, as determined by the

Hate of Denudation. To lower the country one mile

by denudation would therefore require, according to

the above rate, about 15 million years; but we have
seen that a thickness of rock more than equal to that

must have been swept away since the Carboniferous

period. For even during the Carboniferous period
itself more than a mile in thickness of strata in many
places was removed. Again, there can be no doubt

whatever that the amount of rock removed during the

Old Red Sandstone period was much greater than one

mile
,
for we know perfectly well that over large tracts

of country nearly a mile in thickness of rock was
carried away between the period of the Lower Old Red
Sandstone and the Carboniferous epoch. Further, all

geological facts go to show that the time represented

by the Lower Old Red Sandstone itself must have

been enormous.

Now, three miles of rock removed since the com-

mencement of the Old Red Sandstone period (which
in all probability is an under-estimate) would give us

45 million years.

Again, going further back, we find the lapse of time

represented by the Silurian period to be even more

striking than that of the Old Red Sandstone. The

unconformities in the Silurian series indicate that

many thousands of feet of these strata were denuded

before overlying members of the same great formations

were deposited. And again, this immense formation

was formed in the ocean by the slow denudation of pre-

existing Cambrian continents, just as these had been

built up out of the ruins of the still prior Laurentian

land. And even here we do not reach the end of the

25
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series, for the very Ln :is themselves result.-!

from the denudation, not of the primary rocks of the

globe, but of previously existing sedimentary and pro-

bably igneous rocks, of which, perhaps, no recogni

portion now remains.

Few familiar with the facts of geology will consi-l- r

it too much to assume that the time which hod elapsed

prior to the Old Red Sandstone was equal to tin- time

which has elapsed since that period. But if we i

this assumption, this will give- us at lra-t MO million

years as the age of the stratitied ro<

That the foregoinu' i s " ( >t an over -r-timate of the

probable amount of rock removed by MI! .-aerial .1. nu-

dation during past geological ages will appear furth.-r

evioVnt from the following consi.l.-rati.ms: Tlu;

mountain ridges of our globe, in most cases, as is \\vll

known, have been formed by sub-a -rial di-nudation:

they have been carved out of the solid block. Th.-y
stand two thousand, four thousand, or live thousand

feet high, as the case may be, simply because two

-and, four thousand, or five thousand feet of rock

have been denuded fn>m thr surrounding country.
The mountains <uv hiijh simply because the country
has been lowered. But it in; I be obsenv.l that thr

.ich thr mountain^ n-a -h aln.vr thr sum. uii'l-

ing country iln.-s not measure the full -xt-nt to which

the country has been IN\< : -i !> <lrmi<lation, because

Jaiiu themselves have also been IONS

lit of the mountain^ n-pn-M-i.-

extent to which the com. In-m lowrn-.l in

excess of the mountains th-mM-l\v^. In thr t'ormation

of a mountain l.y Irnu.lation, say 3000 fr.-t in li

probaMy /aU nuiy have been

removed from thr surn.unin^ country. Thr vry fact

of a mountain standing above the surrounding country
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exposes it the more to denudation, and it is certainly

not an exaggerated assumption to suppose that whilst

the general surface of the country was being lowered

6000 feet by denudation, the mountain itself was at

least lowered by 3000 feet.

The very common existence of mountains two or

three thousand feet in height formed by sub-aerial

denudation, proves that at least one mile must have

been worn off* the general surface of the country. It

does not, of course, follow that the general surface ever

stood at an elevation of one mile above the sea-level,

since denudation would take place as the land gradually
rose. We know that the land was once under the sea,

for it was there that it was formed. It is built up out

of the materials resulting from the carving out into

hill and dale, through countless ages, of a previously

existing land, just as this latter had resulted from the

destruction of a still older land, and so on in like

manner back into the unknown past. We have no

means of knowing how often the materials composing
the sedimentary rocks may have passed through the

process of denudation.*

It has now been pro\
7

ed, by the foregoing very simple
and obvious method, that the age of the earth must be

far more than 20 or 30 million years. This method, it

is true, does not enable us to determine with anything
like accuracy the actual age of the globe, but it enables

us to determine with absolute certainty that it must
be far greater than 20 million years. We have not

sufficient data to determine how many years have

* The overlooking of this important point by Mr. Alfred R. Wallace

in his determination of the age of stratified rocks ("Island Life,"

chap, x.) appears to me to vitiate his whole argument. This, I

think, has been clearly shown by Mr. T. Mellard Reade, "Geological

Magazine," Decade ii. vol. x. pp. 309, 571.
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elapsed since life began on the globe, for we do not

know the total amount of rock removed by denu. iat i n ;

but we have data perfectly sufficient to show that it

began far more than twice 20 million years ago.
But if the present order of things has been existing

for mon- than '20 million years, t -un mu-t ha\v

been illuminating our globe for that period, an<l

th n thnv must havebeen8Omeothersourcethanth.it

of gravitation from which the sun 1 -rived its energy,
for gravitation, as we have seen, could only have sup-

plied the present rate of radiation for about one-half

that period.

It is perfectly true, as has been stated, that the

h of time that the sun could, by t i. .n. ha\ .

kept the earth in a state fit for animal anl v -^ -taUe

life, must have IMM-H limited by the store of energy in

the form of heat which it possessed. But it docs not

follow as a necessary consequence, as is generally sup-

posed, that this store of energy mu-t hav- Kvn limit.-.l

to the amount obtained from gravity in th*> condensa-

tion of the sun's mass. Th any ph\
is warranted in affirming is .simply that it i- imp..

for him to conceive of any other source. His \nal

however, to conceive of another source conn<

accepted as a prooi re is no other source. But

hysical argun tin- ago of our earth mu-t
1..- limitc-1 l.y the amount of heat which couM
been received from gravity i- in i MM! upnn
this assumption that, because no oth. i ><mrce con bo

conceived of. no th< i

[t ie perfectly obvioi] iat thi> i itivt-

nee against th.- po.s.sil.ility of the HL;<- of our

able glol-
* million

ht what.-v.-r \vln-n pitted against the

t its age must bo
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Now, in proving that tho antiquity of our habitable

globe must be far greater than 20 or 30 million years,
we prove that there must have been some other source

in addition to gravity from which the sun derived his

store of energy; and this is the point which I have

been endeavouring to reach by this somewhat lengthy
discussion.



CHATTER XVIIF.

THE PROBABLE ORIGIN AND AGE OF THE SUN'S

HEAT. Continued.

Not obliged to assume that Gravitation U the only Source of the

Son's Heat. How the MUM obtained its Temperature. No
Limit to the Amount of Heat wlikh m.iy have been protli

ARC of the Sun in Relati. >u t<> K\< lution. Note .

William Thornton's ArgumcnU lor the Age of the Earth.

ARE we really under the n.cr-ity of assuming that

the sun's heat was wholly, or even mainly. <1< r'm .1 from

the condensation of his mass l-y gravity? According
to Helmholtz's theory of the origin of the sun

by condensation, it is assumed that the mutter com-

posing the sun, when it existed in ^p>ice a- ;\ nebulous

mass, was not originally possessed of t np raturv, Uit

that the temperature was . ix^n to it as the mi-
became c o force ( i It

is supposed that the i ut is simply the

heat of condensation. But it is quite conceivul.lt- that

the nebulous moss mi^ht have been possessed of an
inol store of heat piv\ iu-> to condensation.

! b <juite possil.li- that the- very reason why it

cous condition \\

excessive temperut 1 that con<lensation only

began to take
]>;.,<

v. h. n the mass began tocrxil 1..\\ n.

It seems far more proluiMc that thi- -h-.uM !

the case than that tip- m Bad H

condition without temperatun -y shoultl the
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particles have existed in this separate form when
devoid of the repulsive energy of heat, seeing that, in

virtue of gravitation, they had such a tendency to

approach one another?

It will not do to begin with the assumption of a cold

nebulous mass, for, the moment that the mass existed as

such, condensation under the influence of the mutual
attraction of its particles would commence. We must
therefore assume either that the mass was created at

the moment condensation began, or that, prior to this

moment, it existed under some other form. There are

few, I think,who would be willing to adopt the former

alternative. If we adopt the latter we must then ask

the question, In what condition did this mass exist

prior to the commencement of condensation ? The
answer to this question would naturally be that it

existed in a condition of excessive temperature, the

repulsive force of heat preventing the particles

approaching one another. In short, the excessive

temperature was the very cause of the nebulous

condition.

But if the mass was originally in a heated condition,

then in condensing it would have to part not only with

the heat of condensation, but also with the heat which

it originally possessed.
It is therefore evident that if we admit that the

nebulous mass was in a state of incandescence prior to

condensation, it will really be difficult to fix any limit

either to the age of the sun or to the amount of heat

which it may have originally possessed. The 20 million

years' heat obtained by condensation may in such a

case be but a small fraction of the total quantity

possessed by the mass.

How the Mass obtained its Temperature. The ques-
tion now arises, By what means could the nebulous
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mass have become incandescent? From what source

could tli" heat l^ave been obtained? Th<- lyn:i:

.-y of heat affords, as was shown several

ago,* an easy answer to this question. The an w. r is

that the energy in the form of heat possessed by the

mass may have been derived from Motion in Space.
Two bodies, each one-half the mass of the sun, in

dilvctly towards each other with a velocity of 47 i

miles per second, would by tin -ir c D generate
in a single moment 50 million years' heat Fur two

bodies of that mass, moving with a velocity of 470

miles per second,would possess 4149 x 10s8

foot-pounds
of kinetic energy, and this converted into heat by th-

stoppage of their motion would give out an amount of

heat which would cover the present rate of

radiation for a period of 50 million years.f

Why may not the sun have been composed <>f two

such bodies? And why may not the original store of

heat possessed by him have all been derived from the

concussion of these two bodies? Two such 1

coming into collision with that velocity would ! divxj-

pated into vapour and converted into a n< -huloiis mass

by such an inconceivable amount of heat as would

l>e generated; and wl n>ati-n on c

took place, a spherical nm like that of

would re-ult. It is ]>eriVctly true that two such 1-

could never attain the iv.juiivd amount .

:y l.y

mutual gravitation towards each other. But
there is no necessity wl: r supposing that

their s were derived from their mutual attrac-

li-ht have Ijcen approaching each

" PhU. Mag." for May, 1868.

f It doM not nccwarily follow, of COUTBC, that the two bodio

coming into colliM }<oMe equal man or velocity in order

to hare their motion of translation converted into heat.
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other with the required velocity wholly independent
of gravitation.
We know nothing whatever regarding the absolute

motion of bodies in Space ; and, beyond the limited

sphere of our observation, we know nothing even of

their relative motions. There may be bodies moving
in relation to our system with inconceivable velocity.

For anything that we know to the contrary, were one

of these bodies to strike our earth the shock might be

sufficient to generate an amount of heat that would

dissipate the earth into vapour, though the striking

body might not be heavier than a cannon-ball. There

is, however, nothing very extraordinary in the velocity
whichwe have found would be required to generate the

50 millions years' heat in the case of the two supposed
bodies. A comet having an orbit extending to the

path of the planet Neptune, approaching so near the

sun as to almost graze his surface in passing, would

have a velocity of about 390 miles per second,which is

within 86 miles of that required.
It must be borne in mind, however, that the 476

miles per second is the velocity at the moment of colli-

sion
;
but more than one-half of this would be derived

from the mutual attraction of the two bodies in their

approach to each other. Suppose, for simplicity of

calculation, each body to be equal in volume to the

sun, and of course one-half the density, the amount of

velocity which they would acquire by their mutual

attraction would be 274 miles per second. Conse-

quently we have to assume an original or projected

velocity of only 202 miles per second. And if we
assume the original velocity to have been 1700 miles

per second, an amount of heat would be generated in

a single moment which would suffice for no less than

800,000,000 years. And when we take into considera-
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tion the magnitude of the stellar universe,

between a motion of 202 miles per second, and one of

1700 miles to a great extent disappears, ami the one

velocity becomes about as probable as the other. If

the original velocity was 676 per secon-1. th* total

;nt of heat generated would suffice for 200 million

years at the present rate of radiation.

On former occasions* I expressed it as my opinion
that the total quantity of heat possessed by the sun

could not probably exceed 100 million years' heat.

But if we admit that the heat was derived from

Motion in Space, there really does not seem any reason

why it may not be double or quadruple that amount.

It will be asked, When- did the two b<> 'h<-ir

motion? It may as well, however, be asked, Win TC

did they get their existence ? It is just as easy to

conceive that they always existed in motion as to

conceive that they always existed at rest In fact,

this is the only way in which energy can remain in a

body without dissipation into Space. Under other

forms a certain amount of the energy is constantly

being transformed into heat which never can l>e re-

transformed back again, but is dissipated into Space as

radiant heat But a body moving i : '-liar space
will, mi! ice, retain its enc-r

i of motion untransformed for <

^ed as an objection that wehav,-

no experience of bodies moving in space with velocities

approaching to anything like 400 or 600 mil* > per

second. A littl- OQIMidirattOB will, how. -NTT, show that

! an ol.j.-ction which can hardly lo admitted, as

we an nt in a
j>

ition to be able to perceive bodies

ing with -udi velocities. No l.,,dy moving at the

rate of 400 miles per second could i a m.-ml-T

Phil Mag.," May, 1868. 'Climate and Time,' chap. 121.
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of our solar system. Beyond our system, the only
bodies visible to us are the nebulae and fixed stars, and

they are visible because they are luminous. But the

fixed stars are beyond doubt suns similar to our own
;

and if we assume that the energy in the form of heat

and light possessed by our sun has been derived from

Motion in Space, we are hardly warranted in denying
that the light and heat possessed by the stars were

derived from another source. It is true that the motion

of the stars in relation to one another, or in relation to

our system (and this is the only motion known to us),

is but trifling in comparison to what we even witness

in our solar system. But this is what we ought, d

priori, to expect; for if their light and heat were

derived from Motion in Space, like that of our sun,

then, like the sun, they must have lost their motion.

In fact, they are suns, and visible because they have

lost their motion. Had not the masses of which these

suns were composed lost their motion they would have

been non-luminous, and of course totally invisible to

us. In short, we only see in stellar space those bodies

which, by coming into collision, have lost their motion,

for it is the lost motion which renders them luminous

and visible.*

* When the foregoing theory of the origin of the sun's heat was

advanced, in 1868, I was not aware that a paper on the "Physical
Constitution of the Sun and Stars" had been read before the Royal

Society by Mr. G. Johnstone Stoney, in which he suggested that the

heat possessed by the stars may have been derived from collisions

with one another. "
If two stars," he says,

" should be brought by
their proper motion very close, one of three things would happen :

Either they would pass quite clear of one another, in which case

they would recede to the same immense distance asunder from which

they had come ; or they would become so entangled with one another

as to emerge from the frightful conflagration which would ensue, as

one star; or, thirdly, they would brush against one another, but

not to the extent of preventing the stars from getting clear again."
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The formation of a sun by collision is

would not 1<*
lik.-ly to escape observation if it occurred

within tli.- limits of visibility in space. But such an

must be of very rare occurni

of stars visible would be fur r than it is. Tho
nnmlier of stars registered down to the seventh n

tiid.-. inclusive, is according to Herschel^oin. \\lir n>

between 12,000 and 15,000, and this is all that

possibly be seen by d eye. Now ppose
each of them to shine like our sun for (say) 100 million

years, then one formed in every 7000 or 8000 years
would maintain the present number undimin:

But this is the number included in both lining
so that the occurrence of an event of such unparalleled

spl.-n.l.ur and magnificence as the i'

or rather nebula for this would l>e the form

assumed- i- what can only be >> seen on

our hemisphere once in about 15,000 years.
The absence of any historical record of >uch an

ng ever occurred can therefore be no rvi

whatever against the thi-ory.

Age of the Sun in r One of

In the latter case ha consi.lers a double star is fern toney's

paper, though read In 1867, WM not published till 1869.

Mr. Herbert Spencer, in his 1

has also directed attention to the fact that the stars

through space mast ten.l, unler the influence of gravity, to <

trate and become locally aggregated. Separate aggregations will In-

drawn towards one another, and ultimately coalesce. The result

u ill 1) that the heat evolved by such collisions taking place umlrr

the enormous velocities acquired by gravity must have the effect of

dissipating the matter of u hi. h they are composed into the

Both Mr. Stoney an<l Mr. S|>cncer consider the motions of tl.o

cosmic masses to be due wholly to gravity, l>ut, H* \\- h.,ve seen,

gravity alone cannot account f< r the coorniuus amount of eatrgy

originally possesse<l by the sun.
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the most formidable objections to the theory of

evolution is the enormous length of time which it

demands. On this point Prof. Haeckel, one of the

highest authorities on the subject, in his "History of

Creation," has the following: "Darwin's theory, as

well that of Lyell, renders the assumption of immense

periods absolutely necessary. ... If the theory of

development be true at all there must certainly have

elapsed immense periods, utterly inconceivable to us,

during which the gradual historical development of

the animal and vegetable proceeded by the slow

transformation of species. . . The periods during
which species originated by gradual transmutation

must not be calculated by single centuries, but by
hundreds and by millions of centuries. Every process

of development is the more intelligible the longer it is

assumed to last."

There are few evolutionists, I presume, who will

dispute the accuracy of these statements; but the

question arises, does physical science permit the

assumption of such enormous periods ? We shall now
consider the way in which Prof. Haeckel endeavours

to answer this question and to meet the objections

urged against the enormous lapse of time assumed for

evolution.

"I beg leave to remark," he says, "that we have not

a single rational ground for conceiving the time

requisite to be limited in any way. ... It is

absolutely impossible to see what can in any way limit

us in assuming long periods of time. . . . From a

strictly philosophical point of view it makes no diffe-

rence whether we hypothetically assume for this

process ten millions or ten thousand millions of years.

. . . In the same way as the distances between

the different planetary systems are not calculated by
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miles but by Sirius-distances, each of which comprises
millions of miles, so the organic history of the earth

most not be calculated by thousands of years, hut, hy

pataontological or geological periods, each of which

comprises many thousands of years, and perhaps
millions or milliards of thousands of years."

Statements more utterly opposed to the present
state of modern science on this subject could hardly
well be made. Not only have physicists fixed a limit

to the extent of time available to the evolutionist, but

they have fixed it within very narrow houndaries.

Everyone will admit that the organic history of our

globe must have been limited by the age of the >un ^

heat. The extent of time that the evolutionist is

allowed to assume depends, therefore, on the

the question, What is the age of the MIM > h.-at ? And
this again depends on the ulterior question, From what

source has he derived his energy ? The sun is losing

heat at the enormous rate of 7,000 Lorse-power on

square foot of surface. And were it composed of coal

its combustion would not maintain the J.P ---nt rate of

radiation for 5,000 years. Combustion, ther

cannot be the origin of th

Gravitation has generally been conoid, r.-d hy

physicists as the only source from which tin- MIM could

have obtained his energy. Th.- contraction t

advocated by Hebnholts is tin- one generally ace

1 iut the total amount of work performed by gravitation
in the condensation of the Mm from a n.-hulou-

to its present size coull only have afforded t

million years' heat at of radiation.

On the assumption tlmt th.- MIH\ d.-iiMty increases

toward^ the (-,-ntr.- .a f.-w additional million years' h.-at

ine.l. But on every conceivahle Mipj.oxi-

tion gravitation C"uld n.t rioph-d moiv than

t \\i-nty or thirty million yaiV
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Prof. Haeckel may make any assumption he chooses

about the age of the sun, but he must not do so in

regard to the age of the sun's heat. One who believes

it inconceivable that matter can either be created or

annihilated may be allowed to maintain that the sun

existed from all eternity, but few will admit the

assumption that our luminary has been losing heat

from all eternity.

If 20,000,000 or 30,000,000 years do not suffice for

the evolution theory, then either that or the gravitation

theory of the origin of the sun's heat will have to be

abandoned.

It was proved in the last chapter from geological
evidence that the antiquity of our habitable globe
must be at least three times greater than it could

possibly be had the sun derived its heat simply from

the condensation of its mass. This proves that the

gravitation theory of the origin of the sun's heat is as

irreconcilable with geological facts as it is, according
to Haeckel, with those of evolution, and that there

must have been some other source, in addition, at least,

to gravity, from which the sun derived his store of

energy. That other source we have just considered

at some length, and found it perfectly adequate.
The theory that the sun's heat was originally derived

from motion in space is, therefore, more in harmony
with the principles of evolution than the gravitation

theory, because it explains how the enormous amount
of energy which is being dissipated into stellar space

may have existed in the matter composing the sun

untransformed during bygone ages, or, in fact, for as

far back as the matter itself existed.

Note on Arguments for the Age of the Earth. Sir

William Thomson has endeavoured to prove the recent

age of the earth by three well-known arguments of a
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pur.-ly physical nature. The first is based on the age
of the sun's heat; the second, on tin- ti<Ul i

of the earth's rotation; and the third, on the s

cooling of the earth. Several yean ago 1 ventured to

point out some difficulties which appear to me to beset

these arguments. They are as follows :

Argument from the Age of the Sun's Heat. It will

be obvious that, if what has already been advanced
in regard to the origin of the sun's heat be corr

will follow that theargume
earth, based upon the assumption t

have derived its store of heat only from the condensa-

tion of its mass, must be wholly abandon <<!, and that.

in so far as this argument U cmic.-rn.--l. t'

known limit to the amount of heat which the MI:

have possessed, or to the time dui h it may
have illuminated the earth.

Argument from Tidal Retardation. I;

known that, owing to tidal n tanlation, tin- rat.- of the

earth's rotation is sl.nvly dimini>hinLr; and i;

fore evident that, H ny millions of

years, we reach a -.-. h.-n tin- earth mu-t have

been rotating much faster than now. Sir William's

arguni'-nt i^* that, had the earth solidided s-

hundivd million of years ago, t the

Poles and the bulging at the Equator would have been

much greater tha;

because the earth is so lit hav
been rotatinir. when it became >n!id. at \ . ry i.

the same rate as at present. And, .. of rota-

tion is becoming
M. many mSDiODI of

;.
|

. took

I
.

. A .) I fn !.!,:!. -i bo poini out +

*
: ran*. GcoL Soc. of Glasgow. 1.

I -Jl, Iff -U un.l Tine.
1

p. 335.
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what appeared to be a very obvious objection to this

argument, viz., that the influence of sub-aerial denuda-
tion in altering the form of the earth had been over-

looked. It has been proved, as we have seen, that the

rocky surface of our globe is being lowered, on an

average, by sub-aerial denudation, at the rate of about
1 foot in 6000 years. It follows as a consequence,
from the loss of centrifugal force resulting from the

retardation of the earth's rotation occasioned by the

friction of the tidal wave, that the sea-level must be

slowly sinking at the Equator and rising at the Poles.

This, of course, tends to protect the polar regions, and

expose equatorial regions to sub-aerial denudation.

Now, it is perfectly obvious that unless the sea-level

at the Equator has, in consequence of tidal retardation,

been sinking during past ages at a greater rate than

1 foot in 6000 years, it is physically impossible the

form of our globe could have been very much different

from what it is at present, whatever may have been

its form when it consolidated, because sub-aerial denu-

dation would have lowered the Equator as rapidly as

the sea sank. But in equatorial regions the rate of

denudation is no doubt much greater than 1 foot in

6000 years, because there the rainfall is greater than

in the temperate regions. It has been shown ('Climate
and Time,' p. 336) that the rate at which a country
is being lowered by sub-aerial denudation is mainly
determined not so much by the character of its rocks

as by the sediment-carrying power of its river systems.

Consequently, other things being equal, the greater the

rainfall the greater will be the rate of denudation.

We know that the basin of the Ganges, for example,
is being lowered by denudation at the rate of about

1 foot in 2300 years ;
and this is probably not very far

from the average rate at which the equatorial regions
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are being denuded. It H therefor. sub-

1 denudation i- 1 ^Lor as rapidly
as the sea-level is sinking from loss of rotation, and

that consequently we cannot infer from the present
form of our globe what was its form wh-n it >Sidified'

In as far as tidal retardation can show to the con-

trary, its form, when solidification took place, may
have been as oblate as that of the planet Jupiter.
There is another circumstance which i.

into account. The lowering of the K<|U.tt.>r,
1

transference of materials fan uutor t

T latitudes, must tend to increase the rate of

rotation, or, more properly, it i I to lessen the

rate of tidal retardation.

The argument may be shown to be inconcb;

fromanot deration. Thepir>tiun a> to \\\

the earth's axis of rotation could uiged
to such an extent as to have affect Tin iate of

tli< Poles, a few years ago excited a good deal of

attention. The sr, us been investigated with

great care by Professor ll> .ii^hton .* Mr. i ;.

win.f the BU den,J and others, and the

general result arrived at may be expressed in the

words of Mr. O. Darwin : irth be <

|

no re-dLstril'Uti<n of matter in new coi

ever have caused the Pole from its

pree< ion to exceed tin- limit <>t' al...ut 3."

Mr. Darwin has shown that, in order to produce a

displacement of the pole to the ext

an area equal to on tv. MI ce of

the glob* would have to 1 ht nf

c. Roy. Soc., v.

t 1'roc. Roy. Soc., v- 338.

uar>- 21st, I



ORIGIN AND AGE OF THE SUN'S HEAT. 295

two miles would not deflect the Pole much over half a

degree. Assuming the mean elevation of the continents

of Europe and Asia to be 1000 feet, Professor Houghton
calculates that their removal would displace the Pole

only 199*4 miles.

It may now be admitted as settled that if the earth

be perfectly rigid, the climate of our globe could never

possibly have been affected by any change in the

axis of rotation. But it is maintained that, if the

earth can yield as a whole so as to adapt its form to a

new axis of rotation, the effects may be cumulative,

and that a displacement of the Pole as much as 10 or

15 is possible.

But then if the earth be able to adapt its form to a

change in the axis of rotation, there is no reason why
it may not be able to adapt its form to a change in the

rate of rotation, and, if so, the flattening at the Poles

and the bulging at the Equator would diminish as

the rate of rotation diminished, even supposing there

were no denudation going on.

Argument from the Secular Cooling of the Earth.

The earth, like the sun, is a body in the process of

cooling, and it is evident that if we go back sufficiently

far we shall reach a period when it was in a molten

condition. Calculating by means of Fourier's mathe-

matical theory of the conductivity of heat, Sir William

Thomson has endeavoured to determine how many
years must have elapsed since solidification of the

earth's crust may have taken place. This argument
is undoubtedly the most reliable of the three. Never-

theless, the data on the subject are yet very imperfect,

so that no very definite result can be arrived at by
this means as to the actual age of the earth. In fact,

this is obvious from the very wide limits assigned by
him within which solidification probably took place.
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"We must," quoting Sir William's own words on the

subject, "allow very wide limits on such an estimate

as I have attempted to make
;
but I think we may,

with much probability, say that the consolidation can-

not have taken place less than 20,000,000 years ago,

or we should have more underground heat than we

actually have, nor more than 400,000,000 years ago,

or we should not have so much as the least observed

underground increment of temperature. That is to

say, I conclude that Leibnitz's epoch of '

emergence
'

of

tin-
'

consLsk'ntur status' was probably within these

date

Tram. Roy. Soc. of Edinburgh, vol. xxiii., p. 101.



CHAPTER XIX.

THE PKOBABLE ORIGIN OF NEBULvE.

Motion in space as a source of heat. Reason why nebulae occupy so

much space. Reason why nebulae are of such various shapes.
Reason why nebulae emit such feeble light. Heat and light of

nebulae cannot result from condensation. The gaseous state the

first condition of a nebula. Star-clusters. Objections
considered.

THE object of the present chapter is to examine the

bearings of the modern science of energy on the ques-
tion of the origin of nebula), and in particular to

consider the physical cause of the dispersion of matter

into stellar space in the nebulous form. In doing so,

I have studiously avoided the introduction of mere

hypotheses and principles not generally admitted by
physicists. These remarks may be necessary, as tho

heading to the present chapter might otherwise lead

to the belief that it is on a speculative subject lying
outside the province of the physicist.

The question of the origin of nebula3 is simplified by
the theory, now generally received, that stars are suns

like our own, and that nebulae are in all probability
stars in process of formation. The problem will there-

fore be most readily attacked by considering, first, the

origin of our sun, as this orb, being the one most

accessible to us, is that with which we are best

acquainted.

By the origin of the sun I do not, of course, mean
the origin of the matter constituting the sun this
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being an inquiry with which tin- physicist has nothing
whatever to do but simply its origin as a sun, i.e.t as

a source of light and heat. Our first question must
therefore be, What is the origin of the sun's heat?

From what source did he derive that enormous amount
of energy which, in the form of heat, he has been di^i-

pating into space during past ages ? Difficult as the

question at first sight appears to be, it is yet .simplified

and brought within very narrow limits, as was shown
in the last chapter, when wr n m -ml.. T that there are

only two conceivable sources. The sun nm-t have

derived his energy -ith -r from Gravitation, or from

that other source which has just been con.si< 1 -n 1 , Motion

in Space.
9 All other sources of energy put togeth. r

could not have supplied our luminary with one

thousandth part of that which he has possessed. \V<>

are therefore compelled to attribute the sun's heat t<>

one or other of these two, or to give up tin* whole

inquiry as utterly hopeless. The important difference

between the two, as was shown, i> that the store of

energy derivable from Gravitation could not px>il,ly
have exceeded 20 to 30 million years' supply of heat

at the present rate of radiation , \\h. -n -;u> the store

<lerivaMe from Motion in Space. li-p.-n.Iini; mi th>

of that motion, may conceivably have amounted to any
assignable quantity. Thus a mass equal to that of th.-

moving with a velocity of 470 mi

in virtue of that motion energy sufficient, if

converted into heat, to < \.r the present rate of the

A new throry of the sun wa advanced a few yean ago 1

Siemens, Proc. Roy. Soc., vol. 33, p. 389. Accent!.,- t<*. thi,

theory the greater part of the energy in the form .f heat i .

from the son b arreited and returned over and over again to that

luminary. By thi* mean* it is concluded the radiation of the sun can

be maintained to the remote* future. The theory, I fear, u not

likely to gain acceptance among phyticista.
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sun's radiation for 50 million years. Twice that

velocity would give 200 million years' heat
;
four times

that velocity would give 800 million years' heat, and
so on without limit.

It is, however, not enough that we should have in

the form of motion in space energy sufficient. We must
have a means of converting this motion into heat of

converting motion of translation into molecular motion.

To understand how this can be effected, we simply

require the conception of Collision. Two bodies

moving towards each other will have their motion of

translation converted into molecular motion (heat) by
their encounter.

To which of these two causes must we attribute the

Sun's heat ? It is certain that gravitation must have
been a cause

;
and if we adopt the nebular hypothesis

of the origin of our solar system, then from 20 to 30

million years' heat may thus be accounted for. But
we know from geological evidence that the sun has

been dissipating his light and heat at about the present
rate for a much longer period. In Chapter XVI. the

geological evidence for the age of the earth was dis-

cussed at considerable length, and it was pointed out

that the time which has elapsed since life began on the

globe cannot have been less than 60 million years.

Although we have good grounds for believing that 60

million years have elapsed since life began on the globe,

yet the lapse of time may really have been very much

longer. We are justified, therefore, in concluding that

our globe has been receiving from the sun for the past
60 million years an amount of light and heat daily not

very sensibly less than at present. This shows that

gravitation alone will not explain the origin of the

sun's heat, and that a far more effective cause must be

found. Now the only other conceivable cause exceed-

ing that of gravity is, of course, motion in space.
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If the gravitation theory fails to

of the sun, it t more decidedly to account for

the nebulao. In fact it does not attempt any explana-
tionof the origin of the latter; for it begins by assv. >

tin ir existence, and not only so, but that they nv

process ofcondensation* This must be the case, because

th.- theory in question assumes that the particles of a

nebulous mass hav. in \ irtuc of gravity, a mutual

tendency to approach one another: ami it cann<

us how this tendency couM < \i-t \\ithout pr
. The advocates of the theory are not at liberty

to call in the aid of heat in order to explain why tin-

particles are not mutally approaching; because it is

mutual approach which, according to the theory,

produces the heat, and of course without such approach
no heat could be generated. A nebulous moss with a

ncy to condensation could not lm\ frm

eternity as such
;
but what th.

j
n vious condition of a

.la was, and how it came to assume its present

Btate, the gravitation theory cannot say. It 1

\\ith a star or sun in process of formation, bu

us to understand how the process of format i< n

commenced.
s quite ot

This latter does not, like th- l--_
r in 1

-y n-uniiii^

the existence of a nebulous mass; <

-y. it.

goes back to the very ciimn-nrriii-nt of
j>h

inquiry, to the very point wlu-n- jhy>ical in\

takes its rise, and !-y<nil \vh5<
'

The only assuin]'ti'.n ir

cf inuttrr an-:

assninpti..!!. H..\v matt-T and nmtioii IM-^UI to 1>C,

\vh-thrr i eternal or wriv cr- <{\i<-^-

The
kes for a ir masses
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in a state of motion
;
and its advocate is not required,

as a physicist, to account for the existence either of

those masses or of their motions. Neither is it neces-

sary for him to advance any hypothesis to show how
the masses came into collision

;
for unless we are to

assume that all stellar masses are moving in one

direction and with uniform velocity (a supposition con-

trary to known facts), then collisions must occasionally
take place. The chances are that stellar masses are

of all sizes, moving in all directions and with all

velocities. We have here therefore, without any
hypothesis, all the conditions necessary for the origin
of nebulse. Take the case of the origin of the nebulous

mass out of which our sun is believed to have been

formed. Suppose two bodies, each one half the mass

of the sun, approaching each other directly at the rate

of 476 miles per second (and there is nothing at all

improbable in such a supposition), their collision would

transform the whole of the motion into heat affording
an amount sufficient to supply the present rate of

radiation for 50 million years. Each pound of the

mass would, by the stoppage of the motion, possess not

less than 100,000,000,000 foot-pounds of energy trans-

formed into heat, or as much heat as would suffice to

melt 90 tons of iron or raise 264,000 tons 1 C. The
whole mass would be converted into an incandescent

gas, with a temperature of which we can form no

adequate conception. If we assume the specific heat

of the gaseous mass to be equal to that of air (viz.

2374), the mass would have a temperature of about

300,000,000 C., or more than 140,000 times that of

the voltaic arc.

Reason why Nebulce occupy so much space. It may
ba objected that enormous as would be such a tem-

perature, it would nevertheless be insufficient to

27
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expand the mass against gravity so as to o<

entire space included within the orbit of

To this objection it ini^lit h; ivplit-d, that if tin-

perature in question were not sufficient to produce the

required expansion, it mi^ht readily have been so if

the two bodies before encounter be assumed to possess
n hiijhiT velocity, which of course might have been the

ease. But without making any such assumptioi

necessary expansion of the mass can be accounted for

on very simple principles. It follows in fact from th>

theory, that the expansion of the gaseous mass mu-'

have been far greater than could have resulted simply
from the temperature produced by the concussion.

This will be obvious by considering what HUM tak

place immediately after the encounter of the two 1

and before the mass has hod sufficient time to pass

completely into the gaseous condition. Tin- two todies

coming into collision with such imrnu Mi-

would not rebound like two elastic halls n* -itli -r would

th-\ instantly IM- con \.-rted into vapour by the encounter.

The first effect of the blow would be to sliiv. r th.-m

into fragments, small indeed as compared with th

size of the bodies themselves, but still into what mi^ht
be called in ordinary language immense blocks. Be-

fore the motion of the two bodies could be st<>;

they would undoubtedly int. i nch oth.-r;

aii'l this of course, would break tin-in up into frag-

ments. But this would <nly l>e the work of a few

ininut.-. II. : \v- .should have all the energy
of the lost motion existing in tip - blocks as heat

(molecular motion i. while N still in the solid

state; for as yet th.-y would not have had MithVirnt

time to assume the gaseous condition. It is obvious

L^reater part of the ht-at \vouM

on the surface of the blocks uh- place receiving the
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greatest concussion), and would continue there while

the blocks retained their solid condition. It is difficult

in imagination to realize what the temperature of the

surfaces would be at this moment. For, supposing
the heat were uniformly distributed through the

entire mass, each pound, as we have already seen,

would possess 100,000,000,000 foot-pounds of heat.

But as the greater part of the heat would at this

instant be concentrated on the outer layers of the

blocks, these layers would be at once transformed into

the gaseous condition, thus enveloping the blocks and

filling the interspaces. The temperature of the incan-

descent gas, owing to this enormous concentration of

heat, would be excessive, and its expansive force

inconceivably great. As a consequence the blocks

would be separated from each other, and driven in all

directions with a velocity far more than sufficient to

carry them to an infinite distance against the force of

gravity were no opposing obstacle in their way. The

blocks, by their mutual impact, would be shivered into

smaller fragments, each of which would consequently
become enveloped in incandescent gas. These smaller

fragments would in a similar manner break up into

still smaller pieces, and so on until the whole came to

assume the gaseous state. The general effect of the

explosion, however, would be to disperse the blocks in

all directions, radiating from the centre of the mass.

Those towards the outer circumference of the mass,

meeting with little or no obstruction to their onward

progress, would pass outwards into space to indefinite

distances, leaving in this manner a free path for the

layers of blocks behind them to follow in their track.

Thus eventually a space, perhaps twice or even thrice

that included within the orbit of Neptune, might be

filled with fragments by the time the whole had

assumed the gaseous condition.
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It would be the suddenness and almost instanta?

with which the mass would receive the entire store of

energy, before it had time even to assume the molten,

far less the gaseous condition, which would lead to

such fearful explosions and dispersion of the mat
If the heat had been gradually applied, no explosions,

and consequently no dispersion, of the materials would

taken place. There would first have been a

gradual in. king; and then the mass would j.uss by
slow degrees into vapour, after which th.- vapour
would rise in temperature as the heat continu.-d. until

it became possessed of the entire amount. I Jut the

space thus occupied by the gaseous mass would neces-

sarily be very much small. -r than in the case we hav.

been considerii the shattered material-

first dispersed into space before the gaseous condition

was assumed.

Reason why Nebula are of such various Shapes.

The latter theory accounts also for the va

irregular shapes assumed by the nebulae ;
fr although

the dispersion of the materials would !> in all din-c-

tions, it would, according to tin- law <>i' di

rarely take place uniformly in all dim There

would -.-n. -rally be a greater amount of ion in

certain din-rtions, and th.- m .-. ouM thus be

carried along various liin-s and to div.-rs,. distances;

and although gravity would t.-nd t<> Lrin^ th.- wid.-ly

scattered materials ultimately to^eth.-r into one or

1 mask's, yet. n\\ in^ to tl; iini:ly

of the gasr. th.- m-l.uluj

w.uld change form 1-ut -lowly.

'.son why A'- ''-/'''

feeble li^ht .-mitt, d ).y n.-hula- follows as a nccesSAiy

n-Milt from the. theory. Th- li_u
rht of nd.ul;p is mainly

d.-ri\r.l from ^lowiiiu' liyln'_r-n and nitrogen in a
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gaseous condition; and it is well known that these

gases are exceedingly bad radiators. The oxyhydrogen
flame, though its temperature is only surpassed by
that of the voltaic arc, gives nevertheless a light so

feeble as scarcely to be visible in daylight. Now,
even supposing the enormous space occupied by a

nebula were due to excessive temperature, the light
emitted would yet not be intense were it derived from

nitrogen or hydrogen gas. The small luminosity of

nebulas, however, is due to a different cause. The
enormous space occupied by those nebulas is not so

much owing to the heat which they possess, as to the

fact that their materials were dispersed into space
before they had time to pass into the gaseous condition;

so that, by the time this latter state was assumed, the

space occupied was far greater than was demanded
either by the temperature or the amount of heat

received.

If we adopt the nebular hypothesis of the origin of

our solar system, we must assume that our sun's mass,

when in the condition of nebula, extended beyond the

orbit of the planet Neptune, and consequently filled

the entire space included within that orbit. Supposing

Neptune's orbit to have been its outer limit, which it

evidently was not, it would nevertheless have then

occupied 274,000,000,000 times the space that it does

at present. We shall assume, as before, that 50 million

years' heat was generated by the concussion. Of

course there might have been twice, or even ten times

that quantity ;
but it is of no importance what number

of years is in the meantime adopted. Enormous as 50

million of years' heat is, it yet gives, as we shall pre-

sently see, only 32 foot-pounds for each cubic foot.

The amount of heat due to concussion being equal, as

before stated, to 100,000,000,000 foot-pounds for each
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pouii mass, and a cubic foot of the sun at his

present density of 1*43 weighing 89 Ibs., each cu Lie-

foot must have possessed 8,900,000,000,000 foot-

pounds. But when the mass was expanded to o<

274,000,000,000 times more space, which it would do

when it extended to the orbit of N-j'tnn.-. the heat

possessed by each cubic foot would then amount to

only 32 foot-pounds.
In point of fact, however, it would not even amount

to that; for a quantity equal to upwards of 20 million

years' heat would necessarily be consumed in work

against gravity in the expansion of the mass
;
all of

which would, of course, be given hack in the form of

heat as the mass contract* 1. I)min_; ih- n< -bilious

condition it would not exist as heat, so that only 1 !>

foot-pounds out of the 32 foot-pounds generated l.y

concussion would then exist as heat. T
the nebula would be onlym A,T*O that of hydrogen at

ordinary temperature and pressure. The 19 foot-

pounds of heat in -a< -h cubic foot would nev. -rt!

be sufficient to maintain an excessive temperature; for

there would be in each cubic foot only o'inre of a grain
of matter. But although i would be

i li.-at in

i-ul' ic foot would of kyto small. T

only VT of u thermal unit milled would

certainly be exceedingly tVel.le. ivM-mMi- much
ht in a vacuum-tube.

Hen \'cbul<B cannot result f,

dentation. The fact that n.-hu!;e are not onl\

luminous hut indicate ;

iitidi
]

i roves that they

possess a con-id'-ral.l.' t.-mj" r And it i.s

mjM-r.-iture could b*Vt
condi -nsation of their masses.
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When our sun was in the nebulous condition it no

doubt was self-luminous like other nebulae, and doubt-

less would have appeared, if seen from one of the

fixed stars, pretty much like other nebulae as viewed

from our earth. The spectrum would no doubt have

revealed in it the presence of incandescent gas. At all

events we have no reason to conclude that our nebula

was in this respect an exception to the general rule,

and essentially different from others of the same class.

The heat which our nebula could have derived from

condensation up to the time that Neptune was formed,

no matter how far the outer circumference of the mass

may originally have extended beyond the orbit of that

planet, could not have amounted to over T?nronnr of a

thermal unit for each cubic foot; and the quantity of

light given out could not possibly have rendered the

mass visible. Consequently the heat and light pos-
sessed by the mass must have been derived from some

other source than that of gravity.
We have further evidence that the heat and light

of nebulas cannot have been derived from condensation.

If there be any truth, as there doubtless is, in Mr.

Lockyer's view of the evolution of the planets, then the

nebulae out of which these bodies were evolved must

have originally possessed a very high temperature a

temperature so high, indeed, as to produce perfect
chemical dissociation of the elements. In short,

" the

temperature of the nebulae," as Mr. Lockyer remarks,*
" was then as great as the temperature of the sun is

now." Mr. Lockyer's theory is that the metals and

the metalloids, owing to excessive temperature, existed

in the nebulous mass uncombined the metals, owing
to their greater density, assuming the central position,

and the metalloids keeping to the outside. The denser

* " Why the Earth's Chemistry is as it is," p. 55, 1877.
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..'tal the nearer would its ].o>it ion be to the centre

of the mass, and the lighter the metalloid the nearer to

the outside. As a general rule the dissociated

would arrange themselves according to their d.-n

and it is for this reason, he considers, that the outer

planets Neptune, Uranus, Saturn, and Jupiter, are less

dense than the inner planets, since they mu^t have

been formed chiefly of metalloids, while ; r md
more dense planets would consist chu-tly of metallic

nts.
" The hypothesis," says Mr. Lockyer,

"
is almost

worthless unless we assume very 1 peratures,

because unless you have heat enough to give p

dissociation, you will not have that sorting-out which

always seems to follow the same law." But the

whkh produced this dissociation to tin- forma-

tion of the planets could not have been derived from

the condensation of th<' nebula; for tin- |uan;
;

-

d. rived prior to the existence of the outermost planet
must have l.een intinitesimal indeed. The heat

ing in the nebula previous to condensation must have

come from some other source
;
and we can conceive of

no other save that which we ha\ i

idering.

The Gaseous State the first Condition
*<_/

m foregoing be th< j.lanation of the origin
of nebula?, it \viil follow that the gaseous state will in

most cases be or origii tion. and that

a nebula giving a continuous spectrum will only 1-e

condensed to a consideraMe extent

The irresolvable nebulae which < xhil it bright
in all probability consi.st a> Mr.

inggas without anything solid in t! i -hnrt,

an n-l.ul;i in their first stage of development,
and have not ; nsed Mitliciently to 1-

possessed of nuclei. If we adopt the ^.nrndly no
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nebular hypothesis, I cannot understand how we can

consistently deny the existence of gaseous nebulae
; for,

according to the nebular hypothesis, the central nucleus

which constitutes a sun or star, and which exhibits a

continuous spectrum, was formed by condensation as

surely as the planets or the satellites have been. Were
we to go back sufficiently far in the past, we should

come to a time when not only our globe but the sun

himself consisted of gaseous matter only. If we admit

this, then why not also admit that there may be nebulae

at the present time in a condition similar to what our

sun must formerly have been.

The gaseous condition of the nebulae seems to follow

as a consequence from Mr. Lockyer's theory. For, in

order that the materials in the formation of a sun

or star may arrange themselves according to their

densities, dissociation is requisite; but there can be no

dissociation except in the gaseous condition.

Star - Clusters. The wide -
spread and irregular

manner in which the materials would in many cases be

distributed through space after collision,would prevent
a nebula from condensing into a single mass. Sub-
ordinate centres of attraction, as was long ago shown

by Sir William Herschel (in his famous memoir on the

formation of stars*), would be established, around
which the gaseous particles would arrange themselves

and gradually condense into separate stars, which
would finally assume the condition of a cluster.

Binary, Triple, and Multiple systems of stars will of

course be accounted for in a similar manner.

It is conceivable that it may sometimes happen that

by the time the materials are broken up and dissipated
into space, there may not be sufficient heat left to

convert the fragments into vapour. In this case we
*"Phil. Trans." for 1811.
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should have what Professor Tait has suggested, a
nebula consisting of "clouds of stones." Hut

la must be of rare occurrence.

Objections considered. On a former occasion I con-

sidered one or two anticipated objections to the tl

that stellar light and heat were derived from motion

in space. But as these objections have since been

repeatedly urged by physicists both in this country
and in America, I shall again 1 t'er to them.

Objection 1st " The existence of such non-lum:

bodies as the theory assumes is purely conjectural, as

no such bodies have ever been obser\ 1 i

'

\
>1\ -. it

is just as legitimate an inference tli are bodies

in stellar space not luminous as that there arc luminous

bodies in space not visit !. We have just as good
nee for believing in the existence of the one as

we have in the existence of the other. Bodies in

stellar space can only be known through the eye to

are not luminous, they of course cannot

be seen. But we are not warranted on that account

to suppose that they do not exi-t, any men- than we
have to suppose that stars do not rxUt which are

beyond the reach of our \M.>n. \\ ".- )ia\.
,
Imv

positive evidence that there arc bo pace non-

luminous, as the meteorites anil planets for example.
Lars are beyond douU >un> like our own; and

we cannot avoid the it like our

are surrounded by plan--;-. It -, then we In

ji'linit that then.- arc far more bodies in stellar

non-luminous than luminou>. llut thU is not all : the

stars no more than 0111 a have br<-n -1

li^hl aii-1 heat luring all past ages ;
their li^ht

an.l 1. la l.e^iiinin^ ;
an-1 Wfoiv that

could not be lumiim . ,n- can they con-

;.t and heat eternally; conse-
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quently, when their store of energy is exhausted, they
will be non-luminous again. Light and heat are not

the permanent possession of a body. A body may
retain its energy in the form of motion undiminished

and untransformed through all eternity, but not so in

the form of heat and light. These are forms of

energy which are being constantly dissipated into

space and lost in so far as the body is concerned.

The conclusion to which we are therefore led is that

there are in all probability bodies in stellar space
which have not yet received their store of light and

heat, while there are others which have entirely lost

it. The stars are probably only those stellar masses

which, having recently had an encounter, have become

possessed of light and heat. They have gained in

light and heat what they have lost in motion, but they
have gained a possession which they cannot retain,

and when it is lost they become again what they

originally were dark bodies.

2nd. " We have no instances of stellar motions com-

parable with those demanded by the theory." A little

consideration will show that this is an objection which,
like the former, can hardly be admitted. No body, of

course, moving at the rate of 400 miles per second,

could remain a member of our solar system; and

beyond our system the only bodies visible are the

nebulae and fixed stars
;
and they are according to the

theory visible, because, like the sun, they have lost

their motion the lost motion being the origin of their

light and heat. Their comparatively small velocities

are in reality evidence in favour of the theory than

otherwise
;
for had the stars been moving with exces-

sive velocities, this would have been adduced as proof
that their light and heat could not have been derived

from motion lost, as the theory assumes.
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3rd. I ! i; us or stare have been formed by coli

of bodies moving in space, proper motion can be none

other than the unused and unconvci rgy of the

original components. And as stellar bodies are likely

of all sizes, and moving with all manner of vel

it must often happen, from tin- un<-|ual force of the

impinging masses, that a large proportion of tin-

original motion must remain unconverted into

ConstMjiu -ntly, some of the stars ought, act

theory, to possess great velocit <-h is not

the case, as none of the stare 1. .otion of more
than 30 or 40 miles per secon 1

I freely admit that, if it could be proved that none

of the stare have a proper motion of more than 30 or 40

miles per second, it would at least be a form Mai !.

difficulty in the way of accepting the theory. For it

would indeed be strange that. ami. Ut all thelivei>ity of

dimensions of heavenly bodies, it should invariably

happen that the resultant movement of i-im-d

massesshould bereduced tosuch cm n j-arati \c-ly in signifi-

cant figures. But something more d. tinit. n

known in reference to tin- motion of the stars before

this objection can be urged.
A 1 1 that we are at present warranted to assume is

simply that, of the comparatively few stars whose rate

of motion has been properly measured, none h.

greater velocit :;0 or 40 mih-s
j..-r .srmn.l. while

nothing whati'V'-r i> known with certainty as to the

rate of motion of the greater num In -r of the stare.

re 866III8 to be a soinrwhat j.n-\ ailing misa;
hension regarding t : ofonrkBOWIsdfSOfstelkl
motio! .in ascertain the rate of motion

MI IV- -m its angular displiuM-inrnt of position in

a givt 11 ; must know its alolut- .li^tance.

But it is only of tin- f-w stare which show a well-
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marked parallax that we can estimate the distance
;

for it is now generally admitted that there is no relation

between the apparent magnitude and the real distance

of a star. All that we know in regard to the distances

of the greater mass of the stars is little else than mere

conjecture. Even supposing we knew the absolute

distance of a star and could measure its amount of

displacement in a given time, still we could not be cer-

tain of its rate of motion unless we knew that it was

moving directly at right angles to the line of vision,

and not at the same time receding or advancing towards

us
;
and this we could not determine by mere observa-

tion. The rate of motion, as determined from its

observed change of position, may be, say, only twenty
miles a second, while its actual velocity may be ten

times that amount.

By spectrum-analysis it is true we can determine the

rate at which a star may be advancing or receding

along the line of sight independently of any knowledge
of its distance. But this again does not give us the

actual rate of motion, unless we are certain that it is

moving directly to or from us. If it is at the same

time moving transversely to the observer, its actual

motion may be more than a hundred miles per second,

while the rate at which it is receding or advancing, as

determined by spectrum-analysis, may not be 20 miles

a second. But in many cases it would be difficult to

ascertain whether the star had a transverse motion or

not. A star, for example, 1000 times more remote than

a Centauri (that is, twenty thousand billion miles),

though moving transversely to the observer at the

enormous rate of 100 miles per second, would take

upwards of 30 years to change its position so much as

l",and 1800 years to change its position 1'; in fact we

should have to watch the star for a generation or two
28
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before we could be certain wh.-ther it was changing its

position or not. And even after we had foun<l

certainty that the star was shifting, and this at tin- rate

in 1800 years, we couM n v ledge
of its distance, express the angle of displacement in

miles. But from the apparent magnitude or brilliancy

of the star, we couM not determine wht -ther its distance

was 10 times, 100 times, or 1000 times that of

a Centauri; and consequently we could form no conjec-

ture as to the actual velocity of the star. If we assumed

its distance to be 10 times that of a Centauri, this

would give atransvers- of one mile per-*
' assumed its distance to be 100 tim

a Centauri, this would give 10 miles a second as the

velocity, and if 1000 times, the velocity of course would

be 100 miles per second.

As there are but few of the stars which -how a

measurable parallax, and we have no other reliable

method of estimating their distances.
*

it follows that

in reference to the greater number of the stars, neither

by spectrum-analysis nor by observation of t h i r change
of position can we determine their velocities. Then

does not, therefore, appear to bo the shadow ..fa reason

for believing that none of the stars has a motion of

.'JO or 40 miles per second: for any thin^ that

at present is known to the contrary, many of t IP-MI may
possess a proper motion enormously ^ivat. r than that.

. important j.oiut which seems

to be overlooked in this ol.j.-ction

the greater part of the motion of translation he trans-

formed in \\ star will

be formed i: necessary to t tion of a sun

1 1 in true that we may one day be able to determine by spectrum
analysis the distance of son. .nary stars; but iu y
method baa not been applied with succe*.
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which is to endure for millions of years, and to form

the centre of a planetary system like our own, that the

masses coming into collision should be converted into

an incandescent nebulous mass. But the greater the

amount of motion left unconverted into heat, the less

is the chance of this condition being attained. A
concussion which would leave the greater part of the

motion of translation untransformed, would be likely
as a general rule to produce merely a temporary star,

which would blaze forth for a few years, or a few

hundred years, or perhaps a few thousand years and
then die out. In fact we have had several good

examples of such since the time of Hipparchus. Now,

although it may be true that, according to the law of

chances, collisions producing temporary stars must be

far more numerous than those resulting in the forma-

tion of permanent stars, nevertheless the number of

those temporary stars observable in the heavens may
be perfectly insignificant in comparison with the num-
ber of permanent stars. Suppose there were as many
as one hundred temporary stars formed for one

permanent, and that on an average each should continue

visible for 1000 years, there would not at the present
moment be over half-a-dozen of such stars visible in

the heavens.

4th.
" Such collisions as the theory assumes are

wholly hypothetical ;
it is extremely improbable that

two cosmical bodies should move in the same straight
line

;
and of two moving in different lines, it is impro-

bable that either should impinge against the other."

I reply, if there are stellar masses moving in all

directions, collisions are unavoidable. It is true they
will be of rare occurrence

;
but it is well that it is so

;

for if they had been frequent the universe would be in

a blaze, and its store of energy soon converted into

heat.
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by freezing, 45

,, on south polar ice-cap,
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,, points of agreement
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